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Abstract 
If the ancestors of extant organisms were well adapted to a particular environment and 
that environment reoccurs, the ability to recapture prior adaptations could increase the 
efficacy of subsequent evolution. The ability to reacquire ancestral adaptation is defined 
as reversible evolution. Sexual reproduction may facilitate reversibility, as it maintains 
and increases the genetic variation of populations more efficiently than asexual 
reproduction. Recombination is likely to be important if multiple genes affect the selected 
trait. I chose to examine the reversibility of cell size adaptations since cell size regulation 
in yeast involves complex gene interactions. To quantify the effect of reproduction on the 
reversibility of yeast cell size, I employed a long-term (1300 generations) selection 
experiment. In the first 500 generations (Chapter 1), adaptation to a stable and benign 
abiotic environment occurred for all populations. Sexual reproduction was beneficial for 
such adaptation. During the next 400 generations (Chapter 2), populations under selection 
for small cell size had evolved delayed reproduction with the budding of daughter cell 
timed to occur immediately prior to the selection event. In Chapter 3, following selection 
for larger cells, the rapid reversibility of delayed reproduction occurred within 100 
generations. In chapter 4, the development of multicellular yeast clusters was observed 
after continued selection (300 generations) for larger single cells. Prior reproductive 
history played a prominent role in influencing the evolution of multicellularity. 
Previously asexual populations were substantially larger (44-70%) than previously sexual 
ones.  
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INTRODUCTION 
Environments change over time. Frequently, such changes are cyclical and occur over 
timescales that are long relative to the lifespan of individual organisms. Typical examples 
range from El Nino events that occur every three to eight years to glacial cycling over 
tens of thousands of years. The impact of such long term cyclical environmental change 
on adaptation and evolution is not well understood, since natural selection promotes 
increases in short term fitness and not necessarily long-term adaptability. If the ancestors 
of extant organisms were well adapted to a particular environment and that environment 
reoccurs, the ability to recapture prior adaptations could increase the efficacy of 
subsequent evolution. However, the realization of such a benefit may critically depend 
upon the reversibility of adaptive evolution. The potential for evolutionary reversibility is 
one type of evolutionary conservation. There are many examples of evolutionary 
conservation for developmental traits which are often influenced by similar genes in 
different species. For instance, genes regulating eye development are similar in distantly 
related animals (Kozmik 2005) suggesting that this developmental process evolved in a 
common ancestor, was conserved over time, and that subsequent mutations following 
species diversification led to larger phenotypic differences. The conservation concept can 
be applied to reversibility in that prior history of evolved adaptiveness should predispose 
the organism to reacquire the pre-adaptive phenotype even after a sustained period during 
which the phenotype had become nonadaptive. That is, once an adaptive solution has 
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been acquired, the underlying genetic architecture persists, and it may be easier to 
reacquire the prior solution rather than generating a novel solution. 
  
Interest in studying the significance and prevalence of reversibility has arisen only 
recently. This stems from a lack of consensus over the precise definition of reverse 
evolution, the difficulty in distinguishing reverse evolution in a strict genotypic sense 
from forms that appear similar to ancestral states but differ in their genetic basis, the 
inability to distinguish shifts in allele frequencies from reversal of fixed traits, confusing 
terminology, and a lack of information about ancestral character state(s) (Teotonio and 
Rose 2001; Porter and Crandell 2003). I have summarized the different types of reversals 
that have been proposed in Table I-1. I argue that reverse evolution should be viewed as a 
special case of continuous adaptive evolution that specifically describes the scenario 
where derived populations regain character state(s) similar to the ancestor. Reversibility 
or the lack thereof, refers to the potential evolutionary responses of the current population 
with respect to known ancestral phenotypes. The characteristics of the current population 
determine the degree of reversibility, and individual species are not intrinsically limited 
(Bull and Charnov 1985). While reversible evolution has been documented in many 
organisms (Lenski 1988 a,b; Bull et al., 1997; Rainey and Travisano 1998; Burch and 
Chao 1999; Crill et al., 2000; Tchernov et al., 2000; Wiens 2001; Teotonio and Rose 
2002; Ober 2003; Whiting et al., 2003; Chippindale et al., 2004; Gamble et al., 2012; 
Klimov and OConnor 2013), it seems increasingly likely that evolution is not reversible 
for every trait (Bridgham et al., 2009; Barrett 2013). So what makes some traits more 
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reversible than others? Theoretical works have identified some factors that could affect 
the efficacy of reversibility (Marshall et al., 1993; Desai 2009). For traits that have been 
altered by multiple mutations, the standing genetic variation of the population may play 
an especially important role. 
Populations can maintain an “evolutionary memory” of their past through standing 
genetic variation (Desai 2009). As evolution progresses, this variation will be altered 
through fixation or loss. The efficacy of reversibility to ancestral states depends on how 
much evolution has progressed away from the ancestral past and how much past genetic 
variation is being lost. Sexual reproduction may facilitate reversibility, as it maintains and 
increases the genetic variation of populations more efficiently than asexual reproduction. 
In asexual populations, clonal selection (Imhof and Schlötterer 2001) increases the 
likelihood that beneficial mutations will be lost whereas in sexual populations, mating 
can bring together mutations from different lineages thereby increasing the likelihood 
that beneficial mutations are preserved. The effect of reproduction on the efficacy of 
reversibility has not been empirically quantified. Microbial systems are very well suited 
to experimentally address this question and baker’s yeast Saccharomyces cerevisiae has a 
number of unique attributes that makes it attractive as a model organism. S. cerevisiae 
can undergo sexual or asexual reproduction, has fast reproduction times, and can be 
viably stored at -80°C indefinitely which allows for easy cross-generational comparisons. 
Furthermore, with a fully sequenced genome, it is also possible to examine the 
underlying genetic bases of phenotypic reversibility (Goffeau et al., 1996). 
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The life history of S. cerevisiae is well understood (Figure I-1). Most wild type isolates of 
S. cerevisiae are naturally diploid (Knop 2006; Keller and Knop 2009) and it reproduces 
asexually when sufficient nutrients are available. Asexual reproduction occurs through 
mitotic budding; after a clonal bud is formed, it grows in size and then pinches off from 
the parent. When the environment becomes stressful, S. cerevisiae switches to sexual 
reproduction and each diploid cell produces four similar sized haploid gametes (spores) 
of two mating types (MATa and MATalpha) within a capsule (ascus). Spores do not 
engage in further mitotic divisions (germinate) until the environmental conditions have 
improved. During germination, spores resume vegetative growth and a haploid cell of one 
mating type, guided by mating pheromones, mates with a cell of the opposite mating type 
to regenerate a diploid cell. Most laboratory and industrial strains of S. cerevisiae, 
including the sequenced strain (S288c) have directly or indirectly undergone selection to 
reduce their frequency of meiosis and sexual reproduction. I used the S. cerevisiae strain 
Y55 which is known to readily reproduce sexually.  
 
Recombination is likely to be important if multiple genes affect the selected trait. For 
example, if two unlinked beneficial mutations are circulating in a population, 
recombination can bring together the beneficial alleles, while independent mutations are 
required in clonally reproducing populations. Thus sexually reproducing populations are 
more likely to maintain greater amounts of standing genetic variation, since the fixation 
of beneficial alleles does not necessarily involve loss of all linked genetic variation. 
Similarly, sexually reproducing populations may more quickly re-evolve prior 
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evolutionary states. In asexual populations, restoration of a prior trait must occur through 
new back mutations. Both beneficial mutations and back mutations are rare events. 
Moreover, as the number of genetic changes involved in recovery of the prior state 
increases, the greater the benefit of sexual reproduction over asexual reproduction. Thus, 
for sexual reproduction to facilitate reverse evolution, the selected traits should ideally be 
broad based traits influenced by multiple genes.  
 
Cell size regulation in yeast involves complex gene interactions. S. cerevisiae most likely 
senses size by monitoring the synthesis rate of the “sizer protein”, G1/S-specific cyclin, 
Cln3 (Turner et al., 2012). Cln3 controls the timing of Start, the checkpoint which leads 
the cell to commit to a round of mitotic division (Tyers et al., 1993). To maintain a 
consistent cell size, there is a growth dependent regulation of division with cell cycle 
transitions modulated by size. Smaller cells spend more time in G1 compared to larger 
cells (Johnston et al., 1977) because cells need to meet a size threshold prior to division 
(Di Talia et al., 2007). Yeast cells also modulate size based on nutrient availability 
(Jorgensen and Tyers, 2004). In rich media, cells have faster growth rates and divide at a 
larger cell size (Flick et al., 1998; Brauer et al., 2008) whereas, in nutrient poor 
conditions, budding daughter cells can be 20% smaller (Johnston et al., 1977). Finally, 
cell size is dependent on the maintenance of critical genes. Examination of ~6000 single, 
essential, gene deletions led to some mutants having 40% smaller and 70% larger median 
size relative to the wild type (Jorgensen et al., 2002). 
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To quantify the effect of reproduction on the reversibility of yeast cell size, I employed a 
long-term (1300 generations) selection experiment (Figure I-2). The overall study is 
described in the four chapters of this dissertation. For the first 500 generations, 
populations were selected for adaptation to the benign and stable laboratory environment 
(Chapter 1). This prior adaptation to abiotic conditions ensures that when subsequent 
selections are performed on cell size, adaptive responses will be specific to selection and 
not to non-changing aspects of the laboratory environment. For the next 400 generations, 
those lab-adapted populations were selected to produce smaller cells (Chapter 2). 
Changes in cell size were quantified using high-throughput flow cytometry. In the final 
400 generations, populations were under selection to reverse prior cell size changes. 
Rapid reversibility of cell sizes to ancestral values occurred within 100 generations 
(Chapter 3) and the development of multicellular yeast clusters was observed for the 
subsequent 300 generations (Chapter 4). More detailed descriptions of the key findings 
are described below. 
 
In Chapter 1, I determined whether sexual reproduction can provide a benefit during 
adaptation to a benign and stable environment. Many studies have detailed how sexual 
reproduction increases the efficacy of adaptation to novel environments (Malmberg 1977; 
Greig et al., 1998; Rice and Chippindale 2001; Colgrave 2002; Poon and Chao 2004; 
Goddard et al., 2005; Cooper 2007). However, there are also well known costs associated 
with sexual reproduction (Agrawal 2006; Lehtonen et al., 2012). There is a two-fold cost 
of sex if males provide little or no resources for their offspring. Mating itself can be 
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costly if there are increased risks of predation or infection by sexually transmitted 
diseases. For unicellular organisms, sexual reproduction is often a slow process as the 
cell needs time to down-regulate genes associated with mitosis and up-regulate genes 
associated with meiosis. The benefit of sexual reproduction is least obvious in a stable 
environment since meiosis may break up favorable allele combinations. Thus I initiated 
populations of genetically identical yeast that varied in mode of reproduction, then 
selected the yeast to the stable laboratory environment and measured several life history 
traits associated with fitness. While adaptation to the stable environment occurred for all 
populations, sexual populations had (7%) higher fitness relative to asexual populations 
when competed against a strong common competitor. I conclude that the benefits of 
sexual reproduction are not limited to adaptation to harsh environments. Any slight 
environmental perturbation may be sufficiently “novel” for sexual reproduction to confer 
a selective advantage. 
 
In Chapter 2, I examined how the different modes of reproduction influenced adaptation 
to a smaller cell size. Each population comprises younger, smaller cells and older, larger 
cells (due to limitations of the equipment, middle aged cells cannot be differentiated from 
the two main groups). After selection, the size of younger cells decreased substantially. 
The reduction was greater for sexual populations (24%) compared to asexual populations 
(18%). However, older cells had slightly increased in size for both sexual (7%) and 
asexual populations (5%). These offsetting size changes helped maintain cell size 
homeostasis at the population level. I conclude that responses to selection for small size 
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have resulted in the evolution of delayed reproduction with the budding of daughter cell 
timed to occur immediately prior to the selection event. The advantage of evolving 
delayed reproduction rather than evolving a genotype that consistently produces small 
cells can be explained by how growth rates are affected by small size. Smaller cells must 
wait longer than large cells to divide again due to a critical size threshold (Turner et al., 
2012; Truong et al., 2013). The association of small size and delayed cell-cycle 
progression leads to lower competitive ability. During competition in the ancestral 
environment, I observed a 10% fitness reduction for sexual populations. 
 
In Chapter 3, I investigated the immediate response to relaxed and reverse selection. 
After 100 generations, size younger cells had mostly returned to the ancestral value. 
Interestingly, cell size for the older cells converged on common values that were larger 
than the ancestral value. Generally, cell size changes of the population were accompanied 
by an increase in the relative competitive fitness. Since sexual and asexual populations 
did not show major differences in their responses to selection, variability maintained or 
generated through current sexual reproduction does not seem to play a large role in 
influencing the reversibility of cell size. I proposed two possible causes for my 
observations. The first is that previous selection for small cell size had not covered a 
sufficient period of time for variation to exert an influence on reversibility. Reversibility 
becomes increasingly difficult over time as populations are further removed from their 
ancestral past (Desai 2009). Secondly, the biological importance of a gene is directly 
related to the propensity of gene restoration (Krylov et al. 2003). Since size control is 
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critically important for yeast cells, cell size will always be a highly reversible trait and the 
benefits of sexual reproduction may be minimized for such traits.  
 
In Chapter 4, I showed how prior reproductive history played a prominent role in 
influencing the evolution of multicellularity. After further selection for larger cells, 
previously asexual populations became substantially larger (44-70%) than previously 
sexual ones. Several previously asexual populations were dominated by large clusters 
while previously sexual populations comprised primarily unicellular yeast. There was 
550% more variation between the replicate populations that were previously asexual 
relative to previously sexual populations. I argue that the observed differences are most 
likely caused by pleiotropy. The single gene responsible for the multicellular phenotype 
in my experimental populations also facilitates mating. Sexual populations were selected 
to maintain the normal allele while fixed heterozygosity allowed for the persistence of 
heterozygous mutants among asexual populations. The introduction of sexual 
reproduction to previously asexual populations resulted in a 24% reduction in overall 
mean cell size (fewer and smaller multicellular clusters). Meiotic recombination liked 
generated a variety of genotypes from heterozygous individuals. The presence of 
different genotypes, coupled with weak selection, reduced the chance of a homozygous 
mutant sweeping through a population. Continued asexuality, on the other hand, 
increased the chance of a mutant allele becoming homozygous through mitotic 
recombination.
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Table I-1 Reversiblity at different levels of biological organization 
. 
Type of reversibility Description 
Fitness Reversals of absolute and/or relative fitness 
Ecological Reversals of life histories 
Phenotypic Reversals of morphology, physiology or behavior 
Gene expression Reversals of gene expression patterns 
Protein sequence Reversals of codons, can include second site mutations 
DNA sequence Reversals of individual nucleotides 
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Figure I-3. The life history of S. cerevisiae. Both haploid and diploid cells can enter 
the mitotic cell-cycle and propagate asexually. Natural populations are generally 
diploid. When the environment becomes stressful, diploid cells enter the meiotic 
cell-cycle to produce four similar sized haploid spores of two mating types (MATa 
and MATalpha) within a capsule (ascus). When the environment becomes favorable, 
spores germinate by resuming vegetative growth. Diploid cells are regenerate when 
two haploid cell of different mating types, guided by mating pheromones, conjugate. 
Mating pheromones have no effect on diploid cells and haploid cells cannot produce 
spores. 
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Figure I-4. The overall selection history across 1300 generations. Generated from a 
common Y55 ancestor, 20 replicate populations were, initially, genetically identical.  Half 
(10) of the replicates engaged in continuous mitotic propagation while the other 10 
engaged in bouts of sex (every 50 generations) in between mitotic propagation. After the 
end of small cell size selection (900 generations), two duplicate populations for each 
replicate population was generated; one duplicate continued its previous mode of 
reproduction while the other duplicate switched to the alternative mode. Over the course of 
evolution, each population has a prior reproductive history to go along with differing 
modes of current reproduction.   
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CHAPTER 1: SEXUAL REPRODUCTION CAN BE BENEFICIAL DURING 
ADAPTATION TO A STABLE ABIOTIC ENVIRONMENT  
 
Summary 
Sexual reproduction can, by increasing heritable phenotypic variation, increase the rate of 
adaptation, especially in new environments. While environmental change can be frequent 
and sudden, environmental conditions can also be stable for a period of time. The fitness 
benefits of sexual reproduction during evolution in a stable environment are less obvious, 
and are not well understood. Using experimental evolution, I showed that sexual 
reproduction can improve an organism’s adaptation to stable abiotic environments. I 
propagated Baker’s yeast (Saccharomyces cerevisiae) in a nutrient-rich environment for 
500 generations in the absence of intentional artificial selection. Ten replicate populations 
were maintained asexually while another ten experienced periodic sexual reproduction. I 
observed small fitness increases in all derived populations relative to the ancestors. 
Several other life history traits changed, including increased resistance to alcohol. In 
some of the fitness measures, there were greater increases in the sexual populations. 
These results suggest the benefit of sexual reproduction is not limited to adaptation in 
novel environments.  
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Introduction 
The origin and maintenance of sexual reproduction remains a topic of intense interest. 
The most obvious benefit of sexual reproduction is its effect on the rate of adaptation at 
the population level. When there are multiple beneficial alleles across loci in different 
individuals of a population, recombination can bring them rapidly together. Many studies 
have detailed how sexual reproduction accelerates adaptation to novel environments 
(Malmberg 1977; Greig et al. 1998; Rice and Chippindale 2001; Colgrave 2002; Poon 
and Chao 2004; Goddard et al. 2005; Cooper 2007). Classical models have shown how 
asexual populations acquire beneficial mutations with stepwise fixation (Fisher 1930; 
Muller 1932). Furthermore, beneficial alleles in different asexual lineages compete 
against each other, leading to clonal interference. Such interference can lead to the loss of 
beneficial mutations, as has been documented in viruses (Miralles et al. 1999), bacteria 
(Hegreness et al. 2006), and yeast (Kao and Sherlock 2008). Genetic variation and the 
rate of adaptation can have a significant impact on co-evolutionary relationships between 
hosts and parasites (Jaenike 1978; Bell 1982; Hamilton et al. 1990). Sexual reproduction 
in hosts confers the benefit of reduced parasitic infection by generating novel genotypes. 
Parasitic infections were greater in asexual snails (Jokela et al. 2009) and drove asexual 
Caenorhabditis elegans populations extinct (Morran et al. 2011). 
 
In a stable environment, however, the benefit of sexual reproduction is less obvious. 
Sexual reproduction carries a well-known “two-fold cost” of producing males (Otto and 
Lenormand 2002). An asexual individual can reproduce its genomic content twice as fast 
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as a sexual individual, assuming asexual and sexual offspring are equivalent other than 
sources of genetic material (Maynard Smith 1978). As a consequence of haploid gamete 
production, a sexually reproducing organism is only able to pass on 50% of its genes to 
each offspring (Ridley 2003). Further, recombination for a well-adapted genotype may 
break good allele combinations and generate unfavorable ones (Nei 1967; Turner 1967). 
Despite numerous associated costs, sexual reproduction and mating is common in nature. 
Many organisms, such as aphids and Daphina, reproduce asexually but also engages in 
occasional (once per year) bouts of sexual reproduction. The pervasiveness of sexual 
reproduction suggests the associated benefits must sufficiently outweigh the costs. 
Several theories explain the benefits of sexual reproduction. Originally proposed by 
August Weismann (1899; 1904), one such benefit is the generation of genetic variation 
through recombination (reviewed by Burt 2000). Since changes in the environment are 
often unpredictable, natural selection favors the production of a variety of offspring (Bell 
1982). More recent research suggests the amount of variation generated through sexual 
reproduction may be more constrained than previously thought. The variation that causes 
major genetic changes that are deleterious in effect is rapidly eliminated (Hung 2007; 
Gorelick and Hung 2011). 
 
The objective of this study was to investigate circumstances in which sexual reproduction 
is least likely to be promote or maintain adaptation: a stable, non-changing abiotic 
environment (constant temperature, pH, and nutrient levels) to which the organism is 
already well adapted, and in the absence of predators and parasites. Baker’s yeast 
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(Saccharomyces cerevisiae) is an ideal organism to study the benefits of sexual 
reproduction since it can reproduce asexually (when sufficient nutrients are available) or 
sexually (when the environment is stressful). By using yeast, I can examine the benefits 
of sexual reproduction independent of any traditional costs associated with sexual 
reproduction. Most wild isolates of S. cerevisiae are naturally diploid (Knop 2006; Keller 
and Knop 2009). During sexual reproduction, one diploid cell produces four similar sized 
haploid gametes (spores) of two mating types (a and ) within a capsule (ascus). 
Germination occurs when environmental conditions improve, and spores of different 
mating types fuse to form a diploid cell. Most mating occurs within the ascus, unless 
enzymes are introduced to digest the ascus, as spores do not separate from one another 
(Murphy and Zeyl 2010).  If a population is initiated from only a single haploid cell, it 
undergoes mitotic division, mate type switching and the two haploid cells then fuse 
forming a diploid cell (for details regarding molecular and genetic mechanisms, see 
reviews by Klar, 2010 and Haber, 2012). Therefore, sexual individuals typically pass 
100% of their genes to the next generation (thereby avoiding the two-fold cost of males) 
and haploid gametes do not spend a long period of time “searching” for the opposite 
mating type. Furthermore, there are no traits directly connected to sexual reproduction 
that would decrease the survival of individuals. However, before sexual reproduction is 
initiated, yeasts do need a period of time where genes associated with mitosis are down-
regulated and genes associated with meiosis are up-regulated. This time requirement may 
presents unique costs to the yeast that other sexual organisms do not experience.  
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The goals of this study were twofold. First, I sought to determine the effect sexual 
reproduction has on the potential for a well-adapted organism to further adapt to a stable 
environment. I quantified the adaptations of two strains of S. cerevisiae obtained from 
external sources. Both strains were experimental lab strains that were thought to be well 
adapted to general conditions favoring yeast growth. Secondly, I sought to address a 
concern regarding the experimental protocol commonly used to initiate yeast sexual 
reproduction—nitrogen starvation. While sexual populations periodically experience 
starvation stress, asexual populations do not. It has been hypothesized that the additional 
stress from starvation experienced by sexual populations may lead to adaptations that are 
independent of the effects of reproductive sexual reproduction (Goddard et al. 2005). I 
determined whether that protocol can bias experimental results.  
 
Materials and methods 
Strains 
Populations used to test the benefits of sexual reproduction: The replicate populations 
were derived from a genetically uniform diploid S. cerevisiae wild type strain HO Y55 
kindly provided by Duncan Greig. I designated these populations as Y-55D.  
Populations used to test the effects of nitrogen starvation: The replicate populations were 
derived from a diploid S. cerevisiae strain Y55, heterozygous at only the SPO11, SPO13 
and MAT loci, kindly provided by Matt Goddard. I designated these populations as Y-
55G. This strain has one copy of SPO11 and SPO13 knocked out as outlined in Goddard 
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et al. (2005). When induced to undergo sexual reproduction, meiotic recombination does 
not occur and only the second non-reductive meiotic division is achieved, resulting in the 
production of two diploid spores. Since this strain experiences the nitrogen starvation 
stress without deriving the benefits associated with sexual reproduction, I refer to it as 
“pseudo-sexual”.  
 
Selection 
The populations were propagated for 500 generations under constant temperature, pH, 
and nutrient levels. Asexual populations experienced continuous mitotic propagation, 
sexual populations alternate between mitotic propagation and meiosis.  
Mitotic propagation. 10 mL cultures were grown in 25 mm x 150 mm glass tubes with 
plastic caps and incubated at 30oC with shaking (250 rpm) to keep cultures well 
oxygenated. Replicate populations were propagated in Yeast Tryptone Dextrose (YTD; 
per liter: 5 g yeast extract, 10 g tryptone, 20 g dextrose) broth with transfer of 100 µL of 
cells into fresh broth every 24 hrs. For the experiment to assess the benefits of sexual 
reproduction, 20 populations (10 sexual and 10 asexual replicates) were initiated from the 
wild type Y55 ancestor. While asexual populations were clonally propagated, sexual 
populations experienced periodic bouts of sexual reproduction (see following paragraph). 
For the nitrogen starvation test experiment, 12 populations were initiated from the 
pseudo-sexual genotype. 6 replicate populations experienced the periodic stress 
associated with inducing sexual reproduction while the other 6 replicates were 
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propagated asexually. Samples were frozen in 25% glycerol and stored at 80oC every 
50 generations. 
Inducing sexual reproduction. Sexual reproduction was induced every 50 generations for 
sexual and pseudo-sexual replicate populations (9 times over 500 generations). After 
every 7 days (~50 generations) of mitotic propagation, 100 µL of culture grown in YTD 
was transferred to a nitrogen-limited 5 mL liquid sporulation medium (per liter: 20 g 
potassium acetate, 2.2 g yeast extract, 0.5 g dextrose, 870 mg mixture of all amino acids). 
Each population was incubated at 30oC with shaking for 4 days, during which cells 
underwent meiosis and produced 4 haploid spores (a tetrad). To kill any remaining cells 
that may not have undergone meiosis and spore formation, 50 µL of chloroform, to which 
spores are more resistant, was added to each culture. This procedure ensured that all cells 
within a population resulted from subsequent germination and mating of spores. The 
sporulation culture was allowed to sit idle for 1 day to allow for the chloroform to 
dissipate. 100 µL of sporulation culture was then transferred to fresh YTD broth for 2 
days to allow for germination before continuing with mitotic propagation. 
  
Fitness measurements  
How well populations adapted to the stable environment was quantified through 
competitive and non-competitive fitness measures, including competition assays, growth 
curves, and changes in sporulation efficiency.  
GFP competition: The ancestor and all derived isolates were grown for 48 h in YTD and 
then diluted by a factor of 1/200 into 10 mL YTD (in 25 × 150-mm tubes) along with a 
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common competitor—GFP-labeled Y55, also diluted 1/200 from a 48 h culture. The 
mixed populations were then grown for 24 h. The population size for both test and 
reference strains was determined at time 0 and after 24 h growth with a flow cytometer 
(Benton Dickinson FACS Calibur) using a 15 mW 488 nm argon laser. GFP cells 
stimulated by laser light emit a light green wavelength (emission peak = 509 nm) that is 
picked up in fluorescent channel 2 (FL2). Resulting data was analyzed with FlowJo 
analysis software (Tree Star, Inc). Malthusian growth parameters for each test strain 
relative to the common competitor were determined following the method of Lenski et al. 
(1991). Briefly, after 24 hrs, the number of divisions for each competing genotype 
(growing in the mixed culture) was determined and a ratio calculated. A value of 1 
indicates both genotypes are equally fit, a value less than 1 indicates the competitor is 
more fit while a value greater than 1 indicates the test strain is more fit.  
G418 competition-benefits of sexual reproduction experiment: The ancestor and all 
derived isolates were grown for 48 h in YTD and then diluted 1/200 into 10 mL YTD (in 
25 × 150-mm tubes) along with a common competitor—G418-labeled Y55, also diluted 
1/200 from a 48 h culture. Since this competitor does not carry a fluorescent marker, cell 
density within a mixed population was determined at time 0 and after 24 h growth with 
replica plating. After growth on a regular YTD agar plate, colonies were transferred onto 
an YTD-G418 plate using velvet cloth. Malthusian growth parameters for each test strain 
relative to the common competitor were, again, determined.  
G418 competition- Nitrogen starvation experiment: The ancestor and all derived isolates 
carried the G418 marker. Therefore, the common competitor used was an unmarked Y55 
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genotype. Otherwise, the procedure used was identical to that outlined for the experiment 
to assess the benefits of sexual reproduction. 
Sporulation efficiency assays: The ancestor and all derived isolates were grown for 48 h 
in YTD and 100 µL of culture was then transferred to a 5 mL sporulation broth. Over a 
four day period, I performed daily cell counts and tetrad counts by flow cytometry.  
Determining lag times and maximum growth rates—mitotic division: Cell count per 
population was measured with flow cytometry every 4 h. Growth rate was calculated for 
every 4 h time interval. The time points that produced the highest mean across all 
populations were used to estimate the maximum growth rate. The lag time of each 
population was then calculated as: XLag =
y0 - (yt -mXt )
m .
  
Where yo is the natural log of cell number at time zero, yt is the natural log of cell number 
at the time of maximum growth, Xt is the number of hours needed for maximum growth 
rate to occur, and m is the maximum growth rate (divisions per hour). Since lag time 
estimations incorporate the maximum growth rate, two of the replicate measurements 
were used for subsequent statistical analysis for lag time and one replicate measurement 
was used for the statistical analysis of growth rate.   
Determining lag times and maximum growth rates—germination: Germination curves are 
similar to mitotic growth curves and have distinct lag, exponential growth, and stationary 
phases. Cells were counted with flow cytometry, and calculations for the maximum 
growth rate and lag times are identical to those outlined in the previous paragraph. To 
assess germination under normal experimental conditions, populations were assessed 
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every 4 h. To determine germination rates after forced outcrossing (using 10,000 units / 
mL of a digestive enzyme, lyticase), I measured each population every 6 h. Outcrossing 
populations were subjected to three treatments: 0.01% chloroform (commonly 
experienced during adaptation), 0.01% chloroform followed by storage at 10oC, and 20% 
ethanol. 
 
Assay of chloroform impact 
To quantify how chloroform affected spore survival, the ancestor and all derived isolates 
were grown for 48 h in YTD, and 100 µl of culture was then transferred to a 5 ml 
sporulation broth. After 4 days of sporulation, each population was diluted and plated on 
an YTD plate. 50 µl of chloroform was then added to each sporulation culture, and tubes 
were allowed to sit idle for 1 day. Each population was, again, diluted and plated on an 
YTD plate. 
  
Statistical analysis 
All fitness measurements for each test population were performed in triplicate. I assessed 
overall differences between the 3 genotypes (ancestor, derived sexual or pseudo-sexual, 
and derived asexual) with a REML ANOVA using JMP (SAS Institute, Inc). A planned 
contrast was then performed for ancestral vs. derived and sexual vs. asexual or pseudo-
sexual vs. asexual.  
The standard mean differences (SMD) were calculated from comparisons of ancestral 
genotype with derived genotypes as well as sexual with asexual genotypes. For each trait, 
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the difference between the two comparative groups was determined. The SMD estimate 
was calculated by dividing the trait value difference by the standard deviation of the 
unexplained error, the square root of the Mean Square Error (Whitlock and Schluter, 
2009). This provides values that are in units of standard deviation, so that the results can 
be compared across traits.  
 
Results 
My results show evolution in the stable environment occurred for all populations. The 
evolution of some traits (competitive fitness, growing in alcohol, and forming tetrads) 
was directly adaptive while for others (lag time during germination and chloroform 
survival) the evolution was maladaptive (Figure 1-1, Table 1-1). Sexual reproduction 
improved responses to selection for two traits (faster germination from tetrads and 
competition against G418) but had increased lag time during mitosis (Figure 1-2, Table 
1-1).  
 
Fitness – Sexual and Asexual populations. Fitness for derived populations improved in 
response to selection with sexual replicates having higher fitness compared to the asexual 
replicates. Fitness estimates of the ancestral and derived populations were obtained 
relative to two different common competitors, which differed in marker phenotype (GFP 
and G418). In competition with the GFP marked genotype, all populations were 
substantially fitter. The fitness of the ancestral genotype relative to the GFP strain was 
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1.21 while the sexual and asexual populations had a mean relative fitness of 1.25 and 
1.24, respectively (Figure 1-3). The mean difference in fitness between the ancestor 
genotype and the derived genotypes was ~3% (P = 0.007), as determined by a planned 
contrast. Fitness differences between sexual populations and asexual populations were 
not statistically significant (P = 0.7849). In competition with the G418 marked genotype, 
the ancestral genotype had roughly equal fitness (0.98) while derived sexual and asexual 
populations had mean relative fitnesses of 1.02 and 0.95, respectively (Figure 1-4). As 
determined by a planned contrast, the isolates from the sexual populations had ~7% 
higher fitness than those from the asexual populations (P = 0.0164). This pattern of 
results against both competitors suggests that the ancestral genotype was initially well 
adapted to lab conditions, and derived populations only improved slightly.  
 
Fitness – Pseudo-sexual and Asexual populations. Fitness for derived populations 
improved but there was no difference between pseudo-sexual lineages and the asexual 
controls. Fitness estimates of the ancestral and derived populations were obtained relative 
to two different common competitors, which differed in marker phenotype (unmarked 
Y55 and GFP). The ancestral and derived genotypes used in these experiments carried a 
G418 marker. In competition against the unmarked Y55 common competitor, all 
populations were substantially less fit. The fitness of the ancestral genotype to the 
unmarked strain was 0.74 while pseudo-sexual populations had a mean relative fitness of 
0.73 and asexual populations had a mean relative fitness of 0.71 (Figure 1-5). Differences 
in mean relative fitness between the three genotypes were not statistically significant 
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(F2,39 = 0.08, P = 0.9232, REML nested ANOVA, adj. r
2 = -0.046). In competition with 
the GFP marked genotype, the ancestral genotype had a slightly lower fitness (0.95) 
while the derived pseudo-sexual and asexual populations had mean relative fitnesses of 
1.03 and 1.05, respectively (Figure 1-6). The mean difference in fitness between the 
ancestor genotype and the derived genotypes was ~9% (P = 0.0004), as determined by a 
planned contrast. Differences in fitness between pseudo-sexual populations and asexual 
populations were not statistically significant (P = 0.4322). This pattern of results against 
both competitors suggests that this genotype was not initially well adapted to lab 
conditions, but improved substantially over the course of selection.  
 
Sporulation efficiency. All derived populations produced more tetrads compared to the 
ancestor. A measure of the ability of sexual populations to successfully undergo meiosis 
and produce spores is the number of tetrads produced under sporulation conditions. After 
yeast cells have been incubated in sporulation media, tetrad formation occurs primarily 
between day 1 and day 2 and is completed by day 3. The number of tetrads produced for 
the three genotype classes at the end of day 4 was significantly different (F2,29 = 6.75, P = 
0.0039, REML nested ANOVA, adj. r2 = 0.989). The number of tetrads produced 
differed between the ancestral and derived genotypes (P = 0.0014), as determined by a 
planned contrast. On average, the derived genotypes produced ~14% more tetrads than 
the ancestor after 4 days (Figure 1-7). A planned contrast between derived genotypes 
showed no difference between sexual populations and asexual populations (P = 0.1574). 
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Life History – Mitotic division – Lag time. Derived asexual populations experienced a 
shorter lag phase during mitotic growth when compared to sexual populations but were 
not different from the ancestor. Growth curves for mitotic cell division were plotted for 
ancestral and derived isolates. The ancestral genotype had a mean lag time of 1.65 hours 
while sexual populations had a mean lag time of 1.94 hours and asexual populations had 
a mean lag time of 1.66 hours. Although mean lag time did not differ between the 
ancestor genotype and the derived genotypes (P = 0.0932), as determined by a planned 
contrast, the isolates from the sexual populations had a ~14% increase in lag time relative 
to those from the asexual populations (P < 0.0001) (Table 1-2).  
 
Life History – Mitotic division – Exponential growth. Derived asexual populations had a 
slightly faster growth rate during mitotic growth when compared to sexual populations 
but were not different from the ancestor. Maximum growth rate (µ) for mitotic dividing 
cells was assessed between 4 and 8 hours after inoculation into fresh media. These time 
points produced the highest mean µ across all populations. Both the ancestral genotype 
and sexual populations had a mean growth rate of µ = 0.61 while asexual populations had 
a mean growth rate of µ = 0.63. Although mean growth rate did not differ between the 
ancestor and derived genotypes (P = 0.1709), as determined by a planned contrast, the 
~2% difference in the mean growth rate between sexual and asexual populations is 
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marginally statistically significant (P = 0.0516) (Table 1-3). Separate assays were used to 
assess lag time and growth rate.  
 
Life History – Germination from tetrads – Lag time. Compared to the ancestor, all 
derived populations experienced a longer lag phase during germination from tetrads. 
Growth curves for germinating tetrads were plotted for ancestral and derived isolates. 
The ancestral genotype had a mean lag time of 12.7 hours while both derived sexual and 
asexual populations had a mean lag time of 14.1 hours. Lag time differed between the 
ancestor genotype and the derived genotypes (P < 0.0001), as determined by a planned 
contrast (Figure 1-8). The difference in lag time between sexual populations and asexual 
populations was not statistically significant (P = 0.7322).  
 
Life History – Germination from tetrads – Exponential growth. Derived asexual 
populations had slower growth rates during germination from tetrads when compared to 
the sexual populations and the ancestor. Maximum growth for cells germinating from 
tetrads was assessed between 16 and 20 hours after inoculation into fresh media. These 
time points were chosen as they produced the highest mean µ across all populations. The 
ancestral genotype had a mean growth rate of µ = 0.61 divisions per hour while sexual 
populations had a mean growth rate of µ = 0.63 and asexual populations had a mean 
growth rate of µ = 0.44 (Figure 1-8). Although mean growth rate did not differ between 
the ancestor genotype and the derived genotypes (P = 0.4062), as determined by a 
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planned contrast, sexual populations had ~32% faster growth rate compared to asexual 
populations (P = 0.0279). Lag and growth rate measurements were obtained 
independently.  
 
Life History – Germination from spores – Lag time. On average, all populations treated 
with alcohol experienced the shortest lag phase and fastest growth rates (Figure 1-9). 
Ancestral and derived isolates germinating from spores were treated with either alcohol, 
or chloroform, or chloroform and cold temperature (~10oC). The treatments differed in 
their effect on the rate of germination (F2,136.2 = 205.39 P < 0.0001, REML nested 
ANOVA, adj. r2 = 0.799). Populations treated with alcohol reached stationary phase at 
~30 hrs while populations treated with chloroform reached stationary phase at ~42 hrs. 
Populations treated with chloroform and cold temperature did not reach stationary phase 
by the 48 hrs time point. For the chloroform and cold temperature treatment, lag time 
differed between the ancestor genotype and the derived genotypes (P < 0.0004), as 
determined by a planned contrast (Table 1-4). No other significant differences were 
observed. 
 
Life History – Germination from spores – Exponential growth. Derived populations were 
able to grow faster in alcohol compared to the ancestor. The time period in which 
maximum growth occurred for cells germinating from spores differed by treatment. After 
inoculation into fresh media, alcohol treated spores had maximum growth between 18 
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and 24 hours while chloroform treated spores had maximum growth between 30 and 36 
hours, and chloroform and cold temperature treated spores had maximum growth 
between 36 and 42 hours. For the alcohol treatment, maximum growth rate differed 
between the ancestor genotype and the derived genotypes (P < 0.0039), as determined by 
a planned contrast (Table 1-5). No other significant differences were observed. Once 
again, lag and growth rate are independent measurements.  
 
Population size impact of chloroform during selection. The ancestor better withstood the 
effects of chloroform. After 4 days of sporulation, 0.01% chloroform is added to each 
sexual population to kill all cells that have not undergone meiosis. Individual sporulating 
populations were plated prior to the addition of chloroform and after the addition of 
chloroform. Survival following chloroform is calculated as the ratio of CFU counted after 
the addition of chloroform over CFU counted prior to the addition of chloroform. 
Chloroform had a severe impact on the populations, killing > 99% of all cells and spores 
in a population (Figure 1-10). The ancestor genotype had a mean survival of 0.33% while 
sexual populations had a mean survival of 0.17% and asexual populations had a mean 
survival of 0.21%. Chloroform survival differed between the ancestor genotype and the 
derived genotypes (P = 0.0003), as determined by a planned contrast. Difference in 
survival between sexual populations and asexual populations were not statistically 
significant (P = 0.111). 
 
 30 
 
Discussion 
The prevalence of sexual reproduction remains a topic of intense interest. Sexual 
reproduction has well known costs (see recent reviews by Agrawal 2006; Lehtonen et al. 
2012), and it is unclear how the benefits (reviews by Agrawal 2009; Gray and Goddard 
2012) sufficiently outweigh the costs for sexual reproduction to be common. In this 
chapter I have investigated circumstances in which sex is thought least likely to be 
beneficial: benign environmental conditions to which the organism is already well 
adapted and lacking predators and parasites. After 500 generations of selection under 
benign conditions, I observed further adaptation in all experimental populations. I also 
observed that sexual reproduction enhanced adaptation (for two measured traits). Further, 
I demonstrated that the method used for the initiation of sex for yeast (nitrogen 
starvation) does not impose an additional stress variable and does not bias the overall 
findings.  
  
Adaptation occurs in the absence of harsh selection  
Experimental evolution, whether it involves microbes (Buckling et al. 2009), fruit flies, 
(Rose 1984) or mice (Swallow et al. 1998), commonly deals with adaptations to novel 
conditions. In the scientific literature, novel has become a synonym for stressful (biotic or 
abiotic) conditions. Here I examine what happens to populations evolving in an 
environment that is neither novel nor stressful environment. Having obtained yeast strains 
from other researchers, I established experimental populations well adapted to the benign 
abiotic conditions specific to my lab. Even though the yeast populations were grown in 
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rich media and at an optimal growth temperature (30oC), slight deviations in nutrient 
composition or water pH are expected for different labs. I hypothesized that such abiotic 
differences might impose selection and lead to further adaptation in my lab.  
 
My results indicate that my lab environment, though benign, nevertheless provided yeast 
populations with opportunity for further adaptation. For both types of strains (Y55-D in 
the benefits of sexual reproduction experiment and Y55-G in the nitrogen starvation test), 
all derived populations attained a higher fitness relative to the ancestors. The magnitude 
of adaptation was dependent on the strain used to initiate the experiment. While fitness 
improved around 3% for Y55-D, fitness improved around 9% for the Y55-G. This 
suggests that Y55-D had previously experienced abiotic environments similar to that 
found in my lab. Indeed, when Y55-D and Y55-G ancestors were competed against each 
other, the Y55-G strain started with 20% lower fitness. While fitness improvements were 
significant, they represented slight improvements rather than major adaptations. 
Previously, experimental evolution experiments involving Escherichia coli (Cooper and 
Lenski 2000) and yeast (Goddard et al. 2005) led to larger fitness gains. Adaptation to an 
environment reflects both organismal and environmental attributes. Small improvements 
in fitness for my populations suggest that for well-adapted organisms, further avenues of 
adaptation to the abiotic environment may be limited, at least over 500 generations of 
selection. Rather, new adaptations represent incremental improvements likely achieved 
through improved interference competition mechanisms. 
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Interference competition is well documented in the microbial world (see review by 
Hibbing et al. 2010). Some yeast strains have been known to directly kill sensitive 
competitors through the release of killer toxins (Young and Yagiu 1978). My yeast 
strains do not produce toxins; thus the method of interference likely originates from the 
release of ethanol or other waste products. My results show that all derived Y55-D 
populations grew faster in ethanol relative to the ancestor when germinating from spores. 
The yeast germination pattern is similar to a growth curve where there are 3 distinct 
phases: lag, logarithmic growth, and stationary. During adaptation, derived populations 
were grown in glass tubes and entered stationary phase between 8 to 12 hours after 
transfer into fresh media. The serial transfer occurred every 24 hours so derived 
populations experienced a gradual ethanol buildup in the glass tube as a result of 
fermentation. Ethanol is known to inhibit yeast growth rate and reduce cell viability 
(Brown et al. 1981). By evolving ethanol tolerance, the derived populations have the 
luxury of releasing even more ethanol into the environment which gives them an edge 
when competed against a common competitor. 
  
Adaptations to the benign environment were also reflected via several different measured 
life history traits. On average, all derived Y55-D populations produced ~14% more 
tetrads than the ancestor after 4 days of sporulation. It is surprising that asexual 
populations also increased tetrad production since they do not experience periodic 
meiosis and tetrad formation during selection. This suggests increased tetrad production 
is an adaptation to the abiotic environment. Despite the increase in the number of tetrads 
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produced, asexual populations had a significantly slower (~30%) growth rate when 
germinating from tetrads. This suggests that long-term asexuality did have a significant 
impact on a typically very important component of the yeast life cycle. While adaptation 
leads to the enhancement of certain traits, other traits may deteriorate because of a lack of 
selective advantage (Bennett and Lenski 2007). The rapid decline in germination rate 
suggests a trade-off, as all derived populations take ~1.4 hours longer to start germinating 
from tetrads relative to the ancestor. Delayed germination by asexual populations can 
most likely be attributed to disuse during long-term asexuality. Sexual populations, on the 
other hand, experienced periodic germination over a 48 hour period which removed the 
selection for rapid germination as all populations were given ample time to produce the 
maximum number of tetrads. 
  
Sexual reproduction facilitates adaptation 
Sexual reproduction leads to a shuffling of alleles into new combinations. The process 
may increase the rate of adaptation by bringing together multiple beneficial mutations 
from different lineages. Asexually reproducing populations, on the other hand, must rely 
on a stepwise fixation of individual mutations. When the effect of beneficial mutations 
carried by different asexual individuals is similar to each other, clonal interference 
decreases the rate of spread of any particular genotype (Fisher 1930; Muller 1932). The 
hypothesized benefits of sexual reproduction are less clear in benign environments. 
Initially, sexual reproduction should help populations generate genotypes with good 
allele combinations. Selection would then increase the frequency of such genotypes most 
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fit for a given environment. When the environment does not change, further sexual events 
could only serve to break down the good combinations and produce unfavorable 
combinations (Nei 1967; Turner 1967). Experimentally, sexual reproduction is known to 
improve the speed of adaptation for many organisms under selection in harsh 
environments (Rice and Chippindale 2001; Colgrave 2002; Poon and Chao 2004; 
Goddard et al. 2005). While, studying the effects of sexual reproduction in benign 
conditions is less common, two studies did show that sexual reproduction conferred no 
particular advantage in benign environments (Grimberg and Zeyl 2007; Gray and 
Goddard 2012). The lack of evidence for the advantage of sexual reproduction in benign 
environments may be because such benefits are small and difficult to detect. Even though 
benign environments are stable abiotically, the biotic aspect of the environment should be 
more variable with sexual reproduction. The number of genotypes within a sexual 
population is greater which may increase competition among members of the population 
and promote ongoing adaptation. 
 
For my populations, sexual reproduction was beneficial for two out of fourteen measured 
traits. While in competition against a weaker common competitor (GFP marked 
genotype), the sexual and asexual Y55-D lineages were not different from each other in 
fitness improvements (~3%) relative to the ancestor. In contrast, sexual lineages had ~7% 
higher fitness relative to asexual lineages in competition against a stronger competitor 
(G418 marked genotype). This suggests that, even for a previously well-adapted 
genotype, sexual reproduction can promote further adaptation to a benign environment. 
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The advantage of sexual reproduction is clearly illustrated with the two separate 
competition assays. It has been reported that asexual yeast populations can lose relative 
fitness after adaptation due to epistatic interactions between beneficial mutations (Paquin 
and Adams 1983). Since my asexual populations gained fitness when measured against 
the GFP genotype, I can rule out fitness loss as the sole reason for the differences 
observed between sexual and asexual populations. In fact, my observed benefits of sexual 
reproduction could have been greater without a confounding bottleneck event. In my 
experimental protocol, I added 50 µl of chloroform to each culture at the conclusion of 
sporulation. While the initial goal was to kill cells that have not undergone successful 
spore formation, I determined that this chloroform treatment also affects the spores 
within the ascus and killed greater than 99% of all cells and spores in a population. It is 
likely that beneficial mutations and good allele combinations were lost due to drift with 
such a small population size. 
  
Nitrogen starvation does not introduce bias  
The typical experimental procedure used to induce yeast sexual reproduction is nitrogen 
starvation. While sexual populations periodically experience starvation stress, asexual 
populations do not. It has been hypothesized that the additional stress from starvation 
experienced by sexual populations may lead to evolutionary improvements that are 
independent of the benefits of reproductive sex (Goddard et al. 2005). Starvation has 
been shown to increase mutation rates in yeast and Chlamydomonas (Marini et al. 1999; 
Goho and Bell 2000). I showed that after adaptation, the pseudo-sexual Y55-G 
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populations (experiencing starvation stress without engaging in reproductive sex) and the 
asexual control populations had similar relative fitness. The lack of difference in relative 
fitness was observed against a strong competitor (Y55-D) and a weak competitor (GFP). 
This result suggests that starvation stress itself does not necessarily lead to additional 
adaptation to the normal growth conditions. While our knowledge of the life history of 
yeast populations in nature remain limited, sexual reproduction is probably also initiated 
through stress events. Thus yeasts in general may already be pre-adapted to tolerate the 
starvation stress conditions experienced in the lab. 
 
Conclusion 
Sexual reproduction has been known to improve the speed of natural selection in harsh 
environments. My study is the first to experimentally demonstrate the benefit of sexual 
reproduction in a stable benign environment. My results suggest sexual reproduction does 
not need overtly harsh environments to be beneficial for evolving populations. Indeed, 
any slight environmental perturbations may be sufficiently “novel” for sexual 
reproduction to confer a selective advantage. The perturbations may be biotic, as a 
consequence of the generation of variable genotypes through meiosis. The consequences 
of sexual reproduction, the continuous generation of variable genotypes, may drive the 
persistence of sexual reproduction. Understanding the short and long term benefits of 
sexual reproduction is central to elucidating why sexual reproduction persists given the 
known costs. When mixed populations of sexual and asexual lineages adapt to harsh 
environments, sexual reproduction is known to have short term fitness costs and long 
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term benefits (Greig et al., 1998). I show the long term benefits of sexual reproduction 
during adaptation to a benign environment. Given the important role sexual reproduction 
plays in both benign and harsh environmental conditions, the benefits of sexual 
reproduction may be far greater than originally postulated 
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Table 1-1. Differences between derived and parental genotypes and between sexual and asexual genotypes for various fitness 
components (Y-55D). 
 
      
 
Between derived and parental 
 
Between sexual and asexual 
  
Fitness component 
Mean 
Difference P SDpooled 
Standardized 
Mean 
Difference Evolution? 
Mean 
Difference P SDpooled 
Standardized 
Mean 
Difference Sex different? 
Competition-GFP 0.036 0.007 0.037 0.960 Yes* 0.003 0.784 0.037 0.080 No 
Competition-G418 0.007 0.856 0.103 0.067 No 0.065 0.016 0.103 0.635 Beneficial 
Tetrad formation 1135 0.001 1834 0.618 Yes* 444 0.157 1834 0.242 No 
Mitosis-lag time 0.145 0.093 0.178 0.812 No 0.282 <.0001 0.178 1.579 Costly 
Mitosis-growth rate 0.01 0.170 0.014 0.699 No -0.013 0.051 0.014 -0.922 No 
Germination (tetrad)-lag time 1.437 <.0001 0.401 3.579 Yes** 0.044 0.732 0.401 0.109 No 
Germination (tetrad)-growth 
rate -0.075 0.406 0.177 -0.426 No 0.193 0.027 0.177 1.084 Beneficial 
Chloroform survival -0.001 0.0003 0.001 -1.314 Yes** -0.0004 0.111 0.001 -0.375 No 
Germination (spore)                     
alcohol-lag time -0.471 0.498 1.574 -0.299 No 0.556 0.270 1.574 0.353 No 
alcohol-growth rate 0.078 0.003 0.048 1.617 Yes* 0.0002 0.993 0.048 0.004 No 
chloroform-lag time 0.765 0.439 1.791 0.427 No 0.068 0.924 1.791 0.037 No 
chloroform-growth rate 0.004 0.888 0.060 0.066 No 0.038 0.169 0.060 0.631 No 
colda-lag time 6.213 0.0004 3.138 1.979 Yes** -0.191 0.868 3.138 -0.060 No 
colda-growth rate -0.048 0.567 0.168 -0.290 No 0.016 0.835 0.168 0.095 No 
           *adaptation 
**maladaptive evolution 
a chloroform and ~10oC 
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Table 1-2. Difference among genotypes for lag phase of mitotic 
division. 
 
Source of Variation df F P 
 
Among groups 2 13.9747 <.0001 
Between derived and ancestora 1 2.9515 0.0932 
Between sex and asexa 1 25 <.0001 
    
aPlanned orthogonal contrast.   
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Table 1-3. Difference among genotypes for exponential growth phase of 
mitotic division. 
   
Source of Variation df SS MS F P 
 
Among groups 2 0.0013 0.0006 3.2109 0.0641 
Between derived and ancestora 1 0.0004 0.0004 2.0022 0.1709 
Between sex and asexa 1 0.0009 0.0009 4.2382 0.0516 
      
aPlanned orthogonal contrast. 
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Table 1-4. Difference among genotypes for exponential lag phase of germination from spores.  
  Alcohol   Chloroform   Coldb  
Source of Variation df F P df F P df F P 
Among groups 2 0.8573 0.4314 2 0.3096 0.7364 2 7.4189 0.0032 
Between derived and ancestora                                                                                                                                                                                 1 0.4672 0.498 1 0.6115 0.4391 1 14.8919 0.0004 
Between sex and asexa 1 1.2477 0.2702 1 0.009 0.9249 1 0.0285 0.8682 
          
aPlanned orthogonal contrast.        
bChloroform and ~10oC.       
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Table 1-5. Difference among genotypes for exponential growth phase of germination from spores.  
  Alcohol    Chloroform    Coldb   
Source of Variation df MS F P df MS F P df MS F P 
Among groups 2 0.0121 5.2099 0.0141 2 0.0037 1.0213 0.3766 2 0.0054 0.1908 0.8276 
Between derived and 
ancestora 1 0.0242 10.4199 0.0039 1 0.0001 0.0202 0.888 1 0.0095 0.3376 0.5672 
Between sex and asexa 1 1.4x10-7 0.00006 0.9938 1 0.0073 2.0221 0.169 1 0.0012 0.0441 0.8356 
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Figure 1-1 Standardized mean difference among derived and ancestral populations. 
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Figure 1-2. Standardized mean difference among sexual and asexual populations.  
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Figure 1-3. The derived populations were more fit than the ancestral population when 
fitness was measured against the GFP marked genotype. Competition was initiated at a 
1:2(competitor) ratio and over a 24 hour time period. Error bars indicate the standard 
deviation.  
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Figure 1-4. Sexual populations were more fit than asexual populations when fitness was 
measured against the G418 marked genotype. Competition was initiated at a 1:1 ratio 
over a 24 hour time period. Error bars indicate the standard deviation. 
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Figure 1-5. Ancestral and derived populations had similar fitness when fitness was 
measured against the unmarked Y55 genotype. Competition was initiated at a 1:1 ratio 
over a 24 hour time period. Error bars indicate the standard deviation.  
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Figure 1-6. The derived populations were more fit than the ancestral population when 
fitness was measured against the GFP marked genotype. Competition was initiated at a 
1:1 ratio and over a 24 hour time period. Error bars indicate the standard deviation. 
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Figure 1-7. The derived populations formed more tetrads than the ancestral population 
after 4 days of sporulation. Error bars indicate the standard deviation. 
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Figure 1-8. Compared to derived populations, the ancestral population had a shorter lag 
time when germinating from tetrads. Sexual populations grew faster than asexual 
populations in the exponential growth phase. Asexual populations are represented as 
dashed lines, sexual populations as dots and the ancestor as a solid line. Data from 
analysis of both lag phase and exponential growth phase included. Error bars indicate the 
standard deviation. 
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Figure 1-9. On average, populations treated with alcohol had the shortest lag times and 
fastest growth rates. Asexual populations are represented as dashed lines, sexual 
populations as dots and the ancestor as a solid line. The three treatments are: alcohol 
(dark black ), chloroform (intermediate gray ), and chloroform with cold 
temperature (light gray ).  
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Figure 1-10. The ancestral population was better at withstanding the effect of 
chloroform. Error bars indicate the standard deviation. 
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CHAPTER 2: THE ROLE OF SELECTION IN THE MAINTENANCE OF 
STATIONARY PHASE CELL SIZE 
 
Summary 
Cell size is a key determinant of numerous cellular functions. Using experimental 
evolution, I examined how selection influences the maintenance of consistent, cell size at 
stationary phase in Saccharomyces cerevisiae populations. After 400 generations of 
selection for small cell size, I observed that the mean cell size of the populations at 
stationary phase had slightly decreased by 2-4%. Flow cytometry can further subdivide 
each population into two discrete size classes: smaller, younger cells and larger, older 
cells. At stationary phase, the size of younger cells had decreased by 18-24% while the 
size of older cells had slightly increased in size. The divergent responses to selection 
exhibited by younger and older cells suggest consistent stationary phase cell size at the 
population level is maintained through the evolution of delayed reproduction. Older cells 
grow to a bigger than normal size prior to entering the final reproductive cycle and the 
final reproductive event is delayed to coincide with selection, at which time the daughter 
cell is at the smallest size. I also observed that populations experiencing bouts of sexual 
reproduction had much more variable responses to selection. I provide evidence of how 
sexual reproduction may facilitate the development of epistatic interactions for a trait that 
is under complex genetic control. 
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Introduction 
When phenotypic traits are under conflicting selective pressures, further directional 
changes may be inhibited (Kingsolver and Diamond, 2011; Kingsolver et al., 2012). 
Directional selection becomes weakened when opposing selection, operating on fitness 
components, drags the trait in the opposite direction. Opposing selection can be 
consistent or variable across time and space, depending on environmental conditions. 
Both consistent (Schluter et al, 1991; Candolin, 2004) and variable (Borash et al., 1998; 
Tarwater & Beissinger 2013) opposing selection has been shown to affect directional 
selection in natural populations. Few empirical studies have examined the relative 
importance of multiple opposing selective forces. Identification of all biotic and abiotic 
forces that drive selection in the natural world is inherently problematic. If several forces 
affect adaptation simultaneously, disentangling their effects becomes even more 
challenging. Experimental evolution offers an effective approach to isolate specific 
selective forces. 
 
Cell size is a key determinant of numerous critical cellular functions. Cell physiology, 
cell division, and the correct positioning of cells within tissues are all affected by size 
(see review by Marshall et al., 2012). Being larger or smaller than a peak size changes the 
optimal surface area to volume ratio of a cell, which may affect ion exchange and nutrient 
uptake efficiency as well as the normal function of spindle fibers during cellular division 
(Marshall et al., 2012). For single celled organisms, cell size is closely associated with 
fitness since size also influences adhesion, dispersal, movement, and predator avoidance 
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(Marshall et al., 2012). The peak cell size of a single celled organism is dependent on the 
age of the cell; younger cells are smaller and older cells are larger. The peak cell size also 
differs for cells that are not dividing (in stationary phase) and those actively engaged in 
mitosis. Since many different selective forces are acting in concert to influence cell size, 
the associated size control mechanisms that determine the peak cell size at stationary 
phase are likely to be fairly complex. While active research is rapidly increasing our 
understanding of the molecular regulation of cell size, much less is known about the role 
of selection in the maintenance of a consistent stationary phase cell size.  
 
I examined how opposing selection affects cell size regulation through long term 
experimental evolution of smaller cell size in Baker’s yeast Saccharomyces cerevisiae. 
There are several advantages of using yeast as the model organism. Yeasts have a simple 
cell geometry and a well understood co-regulation of growth and division (see review by 
Turner et al., 2012) as well as a fully sequenced genome for systemic analysis (Goffeau 
et al., 1996). S. cerevisiae most likely senses size by monitoring the synthesis rate of the 
“sizer protein”, G1/S-specific cyclin, Cln3 (Turner et al., 2012). Cln3 controls the timing 
of Start, the checkpoint which leads the cell to commit to a round of mitotic division 
(Tyers et al., 1993). To maintain a consistent cell size, there is a growth dependent 
regulation of division with cell cycle transitions modulated by size. Smaller cells spend 
more time in G1 phase, growing in size and synthesizing mRNA and proteins needed for 
subsequent DNA synthesis (Johnston et al., 1977), because division proceeds only after 
cells reach a size threshold (Di Talia et al., 2007). Smaller cell size is generally regarded 
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as a transient phenotype, with size control mechanisms eventually restoring the “normal” 
cell size. Yeast cells also modulate peak cell size based on nutrient availability 
(Jorgensen and Tyers, 2004). In rich media, cells have faster growth rates and divide at a 
larger size (Flick et al., 1998; Brauer et al., 2008) whereas, in nutrient poor conditions, 
budding daughter cells can be 20% smaller than normal (Johnston et al., 1977). Finally, 
cell size is dependent on the maintenance of critical genes. Examination of ~6000 single, 
essential, gene deletions showed that some mutants were 40% smaller or 70% larger 
relative to the median size of the wild type (Jorgensen et al., 2002). 
 
I opted to select for smaller cell size at stationary phase, rather than larger cell size, for 
two reasons. First, I can easily quantify, with high precision, changes in cell size by using 
high-throughput flow cytometry. Selection for large sized yeast cells leads to the rapid 
evolution of a multicellular phenotype (Ratcliff et al., 2012) which cannot be quantified 
with flow cytometry and may have underlying genetic causes that are not related to the 
regulation of unicellular size. Secondly, I wished to assess whether the physical attributes 
of the yeast cell contribute to their stable stationary phase cell size and constrain the cell 
from becoming smaller. Yeasts have a minimal genome with little (30%) non-coding 
DNA sequences between genes (Shabalina et al., 2001) and up to 75% of the genome is 
transcribed (Nagalakshmi et al., 2008). Even for nonessential genes, further deletions do 
not result in any observable fitness benefits (Sliwa and Korona, 2005). The synchronous 
timing of DNA replication at well-defined, site-specific origins provides further evidence 
of a tightly controlled, highly cohesive genome (Barberis et al., 2010). Given the often 
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observed linear relationship between size and DNA content (Cavalier-Smith, 2005); the 
inability to further reduce genome size may severely limit size reductions.   
 
Since cell size regulation may involve complex gene interactions, I also sought to 
determine if the introduction of increased genetic variation through sexual reproduction 
affects the dynamics of adaptation. Theoretical studies have hypothesized that adaptive 
changes are usually caused by a few mutations with large effects (Orr, 2003). Recent 
empirical studies of yeast adaptation at the molecular level seem to support that 
hypothesis. For asexual haploid populations of S. cerevisiae, 2-5 mutations were 
responsible for large fitness improvements after adaptation to a nutrient limited 
environment (Zeyl, 2005). Resistance to a yeast antibiotic was conferred by a mutation in 
one of four genes in a biosynthesis pathway (Gerstein et al., 2012). Mutations with large 
effects should play a prominent role if changes involve simple gene networks. However, 
a trait that is under complex genetic control where many genes can influence the outcome 
should be more susceptible to the effects of positive epistasis.  
 
Materials and methods 
Previous history of strains 
All populations used in this study were derived from a previous selection experiment 
(described in Chapter 1). Briefly, twenty populations were derived from a genetically 
uniform diploid S. cerevisiae wild type strain HO Y55 kindly provided by Duncan Greig. 
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Each population was previously maintained under laboratory conditions for 500 
generations, in 25 mm x 150 mm glass tubes with 10 mL of medium at 30oC with shaking 
(250 rpm) to keep cultures well oxygenated. The populations were propagated daily by a 
1/100 serial transfer, 100 µl of the old culture into fresh YTD (per liter: 5 g yeast extract, 
10 g tryptone, 20 g dextrose), so that they went through log2100 (~6.64) generations 
daily. Ten of the populations were periodically (every 7 days) exposed to conditions to 
ensure a bout of sexual reproduction (which took 7 days), while the other ten were 
propagated without experiencing those conditions and were assumed to have no (or very 
little) meiotic reproduction. Treatment conditions for sexual reproduction are described 
below. 
 
Current experimental evolution 
This experiment was initiated by restarting the previously selected 20 populations which 
had been stored at -80C. Each population was thawed, from which 50 µl was inoculated 
into 10 ml fresh YTD medium. After 24 hrs, 1 mL of culture was transferred to a 
microcentrifuge tube and spun down (6000 rpm x 15 sec). To select for small cells, the 
upper 100 µl of the resulting supernatant were then transferred to fresh YTD broth. The 
centrifugation selection scheme was continued throughout the remainder of the 
propagation. 
The twenty populations were transferred into fresh medium on a daily basis for the first 
100 generations, after which they were transferred every other day (48 hour cycle), as 
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little response to selection was observed over the first 100 generations. As above, ten of 
the populations were propagated with periodic (every 50 generations) meiosis, while 
asexual populations remained asexual. Samples were frozen in 25% glycerol and stored 
at -80oC every 50 generations. 
 
Inducing sex 
Sexual reproduction was induced every 50 generations for sexual populations (7 times 
over 400 generations). Every 7 days (~50 generations), 100 µL of culture grown in YTD 
was transferred to a nitrogen-limited 5 mL liquid sporulation medium (per liter: 20 g 
potassium acetate, 2.2 g yeast extract, 0.5 g dextrose, 870 mg mixture of all amino acids). 
Each population was incubated at 30oC with shaking for 4 days, during which cells 
underwent meiosis and produced 4 haploid spores (a tetrad). To kill any remaining cells 
that may not have undergone meiosis and spore formation, 50 µL of chloroform, to which 
spores are more resistant, was added to each culture. This procedure ensured that all cells 
within a population resulted from subsequent germination and mating of spores. The 
sporulation culture was allowed to sit for 1 day to allow for the chloroform to dissipate. 
100 µL of sporulation culture was then transferred to fresh YTD broth for 2 days to allow 
for germination before continuing with mitotic propagation.  
 
Cell size assay  
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All cell size measurements for each of the 20 replicate populations were performed in 
triplicate. I measured cell size via a flow cytometer (Benton Dickson FACS Calibur) 
using a 15mW 488nm argon laser. Frozen replicates were thawed and grown in fresh 
YTD broth for 48 hrs before measurement.  
Cell size was measured in arbitrary units (AU) as determined by forward angle light scatter 
(FSC). Cell size data was analyzed with the FlowJo analysis software (Tree Star, Inc). Size 
distribution of each replicate population was visualized in a histogram plot with FSC on the x-
axis and cell number on the y-axis. The overall size distribution was bimodal, with two 
distinct size sub-classes, and an intermodal region (Figure 2-1). I used FlowJo to mark 
(gate) the area between where the first mode starts and the median of the intermodal 
region. This represents all cells considered to constitute the smaller sized subclass. 
Likewise, the area between the median of the intermodal region and where the second 
mode ends constitute the larger sized subclass. The mean cell size was determined by the 
FlowJo software. 
To account for and minimize the effects of incubator fluctuations on cell size, I grew 3 
replicates of the ancestor for every triplicate measurement. These ancestor sizes were 
then compared to a previously generated mean-ancestor-size standard. I attribute 
differences between the size of the 3 replicates and the previous standard size to 
incubator fluctuation, and the ancestral difference value was calculated. Cell sizes of 
triplicate measurements were then adjusted based on this ancestral difference.  
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Fitness measurements  
The ancestor and all derived isolates were grown for 48 hrs in YTD and then diluted 
1/200 into 10 mL YTD (in 25 × 150-mm tubes) along with a common competitor—yeast 
antibiotic (G418)-labeled Y55, also diluted 1/200 from a 48 hrs culture. Cell density 
within a mixed population was determined at time 0 and after 24 hrs growth with replica 
plating. After growth on a regular YTD agar plate, colonies were transferred onto an 
YTD-G418 plate using velvet cloth. Malthusian growth parameters for each test strain 
relative to the common competitor were determined following the method of Lenski et 
al., 1991. Briefly, after 24 hrs, the number of divisions for each competing genotype 
(growing in the mixed culture) was determined and a ratio calculated. A value of 1 
indicates both genotypes are equally fit, a value less than 1 indicates the competitor is 
more fit while a value greater than 1 indicates the test strain is more fit.  
 
Statistical analysis 
All fitness measurements for each test population were performed in triplicate. I assessed 
overall differences between the genotypes with a REML ANOVA using JMP (SAS 
Institute, Inc).  
 
Results 
Size distribution of ancestral genotype. After 48 hrs of growth, the 95% confidence range 
of cell size for the ancestral genotype was from 703 to 2962 AU, with a mean of 1648 
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AU. The overall size distribution was bimodal, with two distinct size sub-classes, and an 
intermodal distance of approximately 41% of the 95% confidence range (Figure 2-1B). 
The number of cells in the trough between the two peaks (cell size containing the 
smallest number of cells between the two modes) was roughly 1% of the two modal size 
classes. The left peak corresponds to the younger, smaller size class cells and the 95% 
confidence ranges from 634 to 1120 AU with a mean of 883 AU. The right peak 
corresponds to the older, larger size class cells and the 95% confidence ranges from 1346 
to 3109 AU with a mean of 2089 AU (Figure 2-1B).   
 
Changes in cell size for entire population. I observed a slight but significant decrease in 
mean cell size for the overall population in both sexual and asexual replicates (Figure 2-
2). Initially, asexual populations had mean size of around 1616 AU and were 2% smaller 
than sexual populations which had mean size of around 1651 AU (F1,18 = 6.06, P = 
0.0241, REML-ANOVA, adj. r2 = 0.474). At generation 900, after 400 generations of 
small cell size selection, sexual and asexual populations had a similar mean cell size of 
around 1581 AU. This represents a 4% size reduction for sexual populations and 2% size 
reduction for asexual populations (F1,99 = 16.38, P = 0.0001, REML-ANOVA, adj. r
2 = 
0.430). The mode of reproduction had no effect on size reduction (P = 0.4814). 
 
Changes in cell size for smaller, younger cells. I observed a large decrease in mean cell 
size for the smaller, younger cells in both sexual and asexual replicate populations 
(Figure 2-3). Both sets of replicate populations initially had a similar mean of the smaller 
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cell size class (around 894 AU). There was little or no response to selection by 100 
generations; sexual and asexual populations had a similar mean cell size of around 871 
AU. The selective environment was altered at 100 generations by extending growth 
between transfers from 24 to 48 hours. While little response was observed by 200 
generations, significant decreases in cell size were subsequently observed in both sets of 
replicate populations. After 400 generations, the mean of the smaller cell size class were 
682 AU and 731 AU, for the asexual and sexual populations, respectively. This 
represents a 24% size reduction for sexual populations and 18% size reduction for 
asexual populations. Measured over the entire course of selection, declines in cell size 
occurred more rapidly in sexual populations as assessed by the interaction of 
reproduction versus time (F1,518 = 37.81, P < 0.0001, REML-ANCOVA, adj. r
2 = 0.600).  
A much greater diversity in response to selection was observed for sexual populations (P 
< 0.0035) (Figure 2-3). I assessed the linear trend in cell size of the smaller cell size class 
for each replicate over 400 generations. Among the ten asexual replicates, nine had 
highly similar responses, with little difference throughout the course of selection. By the 
end of selection, the smaller cell sizes ranged from 776 to 855 AU in those nine asexual 
replicates. The one outlier asexual replicate began a sharp decline at 150 generations and 
reached 699 AU by the end of the selection. Even including the outlier asexual replicate, 
no difference in the overall rate of decline in cell size of the smaller cell size class was 
observed from 200 generations through the completion of selection. In contrast, there 
were large differences among the ten sexual replicates. Three of the sexual replicates 
achieved lower mean of the smaller cell size class than the smallest asexual replicate. 
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Statistically significant differences were observed among the sexual replicates for the 
change in size of the small size class, and the smaller cell sizes ranged from 603 to 788 
AU at the end of selection. The sexual and asexual replicates having the least response to 
selection in the smaller cell size class had similar mean cell sizes of 788 and 855 AU 
respectively. The statistically significant difference in overall mean cell size at the end of 
selection between the sexual and asexual populations is due to those sexual replicates 
attaining much smaller cell sizes.   
 
Genetic diversity. Genetic variation among sexual replicates increased at a consistently 
faster rate than among asexual replicates (F1,1332 = 12.24, P = 0.0035, REML-ANCOVA, 
adj. r2 = 0.778). The genetic component of size variation was assessed as the standard 
deviation between individual replicates for each treatment: √Var (R1-10), where R is the 
reproductive treatment at a given time point (Figure 2-4). Initially, the genetic variation 
for the smaller cell size class was approximately 14 AU for asexual replicates and 10 AU 
for sexual replicates. At the end of selection, there was roughly twice as much genetic 
variation for cell size among the sexual replicates (72 AU) than the asexual replicates (37 
AU). The slope of the linear fit for sexual replicates and asexual replicates was 0.175 and 
0.077, respectively. 
 
Changes in cell size for larger, older class. I observed a slight increase in mean cell size 
for larger size class individuals (Figure 2-5). Initially, the mean cell size of sexual and 
asexual populations was around 2102 AU and 2071 AU, respectively. By the end of 
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selection, the mean cell size of sexual populations increased by 7% to 2256 AU while 
asexual populations increased by 5% to 2173 AU. Mean cell size varied over 400 
generations (F1,518 = 85.42, P < 0.0001, REML-ANCOVA, adj. r
2 = 0.217) in a 
“sawtooth” manner, with each alternative 50 generation measurement yielding either 
larger or smaller cells. The mean fit differed between sexual and asexual treatments (P = 
0.0297), yielding two distinct sawtooth lines. Size changes did not occur more rapidly in 
sexual populations. A best fit line was, again, fit to cell size for each replicate population 
over 400 generations. Both sexual and asexual individual replicate populations show a 
diverse response to selection with each replicate population having distinct sawtooth 
changes. 
 
Change in number of cells comprising the two size classes. The relative number of cells 
making up the small and large cell size classes was unchanged for sexual populations. 
For asexual populations, the number of cells in the small size class decreased and the 
number of cells in the large size class increased (Figure 2-6). Initially, the frequency of 
cells in the small size class for sexual and asexual populations was around 36.4% and 
38.5%, respectively. By the end of selection, the number of cells in the small size class 
for sexual populations was relatively unchanged at 36.9% while asexual populations 
decreased by 11% to 34.7%. Overall, sexual and asexual populations were statistically 
different (F1,18 = 9.30, P = 0.0069, REML-ANCOVA, adj. r
2 = 0.220), and there was a 
clear interaction between time and reproduction (P < 0.0001).  
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Changes in fitness. Fitness for derived sexual populations, under ancestral growth 
conditions, relative to competitor, decreased while the fitness for asexual populations did 
not change (Figure 2-7). Fitness estimates of the ancestral and derived populations were 
obtained relative to a G418 common competitor. Prior to selection for small cell size, 
sexual and asexual populations had mean relative fitnesses of 1.02 and 0.95, respectively. 
By the end of selection, the mean relative fitness for sexual decreased around 10% to 
0.92 (F1,116 = 7.89, P = 0.0058, REML-ANCOVA, adj. r
2 = 0.106) while and the asexual 
populations remained at 0.95. Fitness differences between derived sexual populations and 
asexual populations were not statistically significant (P = 0.3835).  
 
Discussion 
To maintain consistent cell size at stationary phase, yeasts have a size sensing mechanism 
which closely coordinates growth and division (see review by Turner et al., 2012). 
However, the control mechanism is imperfect, and thus sometimes results in variable cell 
size (Di Talia et al., 2007). Cells that are smaller when entering G1 bud at smaller sizes 
compared to larger cells. Cell size is also modulated by nutrient availability. In a nutrient-
limited environment, budding daughter cells are 20% smaller than the mother cell 
(Johnston et al., 1977). Smaller cell size is generally regarded as a transient phenotype, 
with size control mechanisms eventually restoring the “normal” cell size. Here I have 
investigated whether long term selection for small cell size can result in genetic changes 
that shift the mean cell size of the population. After 400 generations of selection, the 
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overall mean cell size of the populations at stationary phase (after 48 hrs growth) 
decreased by 2-4%. Each population can be further subdivided, via flow cytometry, into 
two discrete size subclasses: small and large. I observed that the overall mean cell size 
decreases can be solely attributed to a decrease in cell size for cells in the small size 
subclass. Cells in the large size subclass had slightly increased in size. I also examined 
how sexual reproduction influences the evolution of small cell size. The mode of 
reproduction (sexual vs asexual) had no effect on the changes in mean cell size of the 
population. However, for cells in the small size subclass, sexual populations yielded 
smaller cells and there was much more variation in how each sexual population adapted 
to size selection. After adaptation, sexual populations also had a lower competitive fitness 
in the ancestral environment while fitness remains unchanged for asexual populations.  
 
The dynamics of cell size variation 
My results show that continuous selection for small cell size after 48 hrs growth can 
make a lasting shift in the mean cell size of the population after 48 hrs growth. However, 
the relatively small decrease in overall cell size suggests that small size has large enough 
fitness costs to offset the effects of selection. Resistance to large changes in unicellular 
size is also seen in a study for adaptation to large cell size where rapid evolution to a 
multicellular phenotype proceeded, rather than evolution of large unicellular phenotypes 
(Ratcliff et al., 2012). The physical properties of the yeast cell itself may prevent further 
decreases in cell size. Compared to other eukaryotes, yeast cells are already fairly small 
(Turner et al., 2012). The yeast genome is also relatively small with intergenic regions 
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comprising only 30% of the genome (Shabalina et al., 2001) and up to 75% of the yeast 
genome is transcribed (Nagalakshmi et al., 2008). A cell can become smaller by reducing 
cytoplasm volume, and to a lesser extent, genome size. Either may impose significant 
fitness costs. Changes in volume affect the optimal surface area to volume ratio and can 
impact ion exchange efficiency. Since yeasts already have a fairly compact genome, a 
further reduction in genome size could reduce fitness as genome size is strongly 
correlated with cell cycle length and growth rate (Cavalier-Smith, 1978).  
 
While the overall cell size of the population changed very little over time, the cell size of 
cells in the small size subclass decreased substantially. The reduction was greater for 
sexual populations (24%) compared to asexual populations (18%). At the same time, cells 
in the large size subclass had slightly increased in size for both sexual populations (7%) 
and asexual populations (5%). Why does mean cell size show little variation at the 
population level but large variation at the subclass level? The first possibility is that there 
are two distinct genotypes in the population. If smaller cells represented a unique 
genotype, it could have other phenotypic consequences such as the formation of smaller 
colonies on an agar plate. For example, a defect in the respiratory chain of S. cerevisiae 
renders it unable to utilize non-fermentable carbon sources and a phenotypic consequence 
of this mutation is extremely small colony sizes (Ferguson and von Borstel, 1992). To 
qualitatively assess whether small cell size affected colony morphology, I grew three 
replicates of the smallest sexual and asexual population on agar plates (data not shown). 
No abnormally small colonies were detected. I then randomly picked ten colonies from 
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each replicate and grew them in liquid media to re-assess cell size. The size distributions 
for the small and large size subclasses of each colony of a given replicate were similar to 
each other (data not shown). These results indicate that cells belonging to the small or 
large size subclass of a population were not of two distinct genotypes.  
 
The second possibility is that the size subclasses reflect the age structure of the 
population with the small size subclass comprising of younger cells and the large size 
subclass comprising of older cells. In such a scenario, a small daughter cell, when given 
sufficient time, will grow into a normal sized cell. This is precisely what I observed from 
the aforementioned plating experiment. All of my experimental populations had 
previously been under selection for 500 generations for abiotic adaptation to the benign 
lab environment. During that time, they were transferred to fresh liquid media every 24 
hrs. For the first 100 generations of small size selection, the transfers also took place 
every 24 hrs. The dynamics of mitotic growth had previously been assessed. Given the 
amount of nutrients provided, the cells go through ~7 divisions with a lag time of ~2 hrs 
followed by exponential growth before reaching maximum density and entering 
stationary phase before 24 hrs. After observing little response to selection after 100 
generations, I modified my protocol by transferring every 48 hrs. By selecting at 48 hrs, I 
had expected selective pressure to increase because the majority of cells in the population 
would be of normal size and eliminated. After 400 generations, the fraction of cells 
belonging to the small size subclass in a given population had not changed even with an 
accompanying size reduction of 18-24%. Therefore, the most plausible explanation is that 
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the yeast populations have delayed the final round of reproduction from occurring prior 
to 24 hrs to occurring prior to 48 hrs. Adaptations to selection for small size have resulted 
in the evolution of delayed reproduction with the budding of the final daughter cell timed 
to occur immediately prior to the selection event.  
 
Delayed reproduction is common in plant (see review by Childs et al., 2010) and animal 
species as a form of bet-hedging in uncertain environments (see review by Koons et al., 
2008). This study is one of the first to hypothesize the evolution of delayed reproduction 
as a form of adaptation to predictable change (selection every 48 hrs). The advantage of 
evolving delayed reproduction rather than evolving a genotype that consistently produces 
small cells can be explained by how growth rates are affected by small size. Smaller cells 
delay division longer than large cells due to a critical size threshold (Turner et al., 2012; 
Truong et al., 2013). The association of small size and delayed cell-cycle progression 
leads to lower competitive ability. During competition in the ancestral environment, I 
observed a 10% reduction in relative fitness for sexual populations. When experimentally 
adapted populations are grown in a non-selective environment, a fitness cost relative to 
the wild type is often observed (Gerstein et al., 2012; Ratcliff et al., 2012). Interestingly, I 
did not observe any fitness cost for asexual populations which were 18% smaller. It has 
been observed that size mutants and wild types sometimes have similar doubling times 
(Jorgensen et al., 2002). This suggests that there may be a peak size threshold which lies 
between the mean cell sizes of asexual (18% smaller) and sexual populations (24% 
smaller). Delayed reproduction may also have evolved because the genetic mechanism 
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for producing smaller daughter cells is already in place. Yeast cells can modulate cell size 
based on the external environment and when nutrients are limited, budding daughter cells 
can be 20% smaller than the mother cell (Johnston et al., 1977). The size oscillations 
observed in the large size subclass suggests the populations are still in the process of size 
modulation.  
 
Sexual reproduction leads to a more variable response to selection 
During adaptation to benign lab conditions, replicate sexual populations had experienced 
bouts of sex while asexual replicates had not. Asexual populations that are frequently 
bottlenecked rely on spontaneous mutations as the basis of adaptation. In sexual 
populations, variability may arise through elevated spontaneous mutation rates (Nishat et 
al., 2010), meiotic recombination (Felsenstein 1974) and through mating. Therefore, at 
the start of this experiment, a sexual population is expected to have more standing genetic 
variation than an asexual population. Since little response to selection was observed for 
the first 150 generations of selection, adaptation to small cell size is likely the result of de 
novo mutations rather than response via the initial standing genetic variation. Fitness-
altering beneficial mutations have been shown to occur in high frequency for diploid S. 
cerevisiae (Joseph and Hall, 2004). Fitness components such as sporulation efficiency, 
spore viability, and haploid growth rate also showed a high frequency of beneficial 
mutations (Hall and Joseph, 2010). 
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Selection is known to proceed more efficiently for sexual populations because mating can 
bring together beneficial mutations from different lineages and unlink beneficial from 
deleterious mutations (Barton and Charlesworth 1998; Burt 2000; Gray and Goddard, 
2012). In asexual populations, adaption occurs more slowly due to clonal interference 
(Kao and Sherlock, 2008; Lang et al., 2011; Schiffels et al., 2011). In clonal interference, 
genotypes with different mutations of similar effects compete with each other increasing 
the likelihood that beneficial mutations will be lost (Imhof and Schlötterer, 2001). The 
preservation of a beneficial mutation in asexual populations is also more random with the 
probability of fixation heavily influenced by the underlying genetic variation of the 
population rather than the associated fitness advantage (Lang et al., 2011). Furthermore, 
if the best possible genotype consists of multiple beneficial mutations, a lack of 
recombination necessitates time-consuming sequential fixation of mutations. Therefore, it 
should be easier for replicate sexual populations to converge on the most adaptive 
genotype. I measured the genetic component of size variation between replicate 
populations using the standard deviation of cell size for cells in the small size subclass. I 
were able to assess cell size every 50 generations and, as determined by the slope of the 
linear fit, genetic variation among sexual replicates increased at a consistently faster rate 
than among asexual replicates. Examining the change in mean cell size over the course of 
evolution, nine out of ten asexual replicates showed a convergent response to selection 
while each sexual replicate had distinctive responses. This result surprisingly contradicts 
my initial predictions. Why then does cell size not converge on the most adaptive 
genotype in sexual populations?   
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One possibility is that size sensing and control is more precisely maintained in asexual 
populations. S. cerevisiae most likely utilizes a protein synthesis rate based sensor which 
detects the concentrations of the “sizer protein” G1 cyclin Cln3 (Turner et al., 2012). 
However, molecular noise during gene expression causes variability in the concentration 
of proteins which affects the precision of the sensor (Di Talia et al., 2007). Since protein 
synthesis rates may differ even for genetically identical cells growing under the same 
conditions (Raser et al., 2005; Kaern et al., 2005), genetic variability generated during 
sexual reproduction could conceivably increase the noise. If changes in molecular noise 
affected cell size, it should do so across the whole population. Yet, the response to 
selection for cells in the large cell subclass was different from those of the small cell 
subclass. Cell size for the large size subclass varied over time in a sawtooth manner, with 
each alternative 50 generation yielding either larger or smaller cells relative to the 
ancestral mean. Distinct sawtooth changes were observed for each sexual and asexual 
replicate but mean cell size neither converged nor diverged across replicates. Therefore, 
the differences in selective response between sexual and asexual populations are unlikely 
to be caused by differences in size sensing ability.  
 
A more plausible explanation is that sexual reproduction allows different populations to 
access different, equally adaptive, peaks in a rugged fitness landscape (for a review on 
fitness landscapes, see Gavrilets, 2004). The convergent genotype seen in nine out of ten 
asexual populations is unlikely to be the most adaptive since the lone asexual outlier and 
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several sexual replicates had smaller mean cell sizes. Empirical evidence from 
experimental evolution studies suggests that adaptive changes in asexual populations are 
usually caused by a few mutations with large effects (Zeyl, 2005; Gerstein et al., 2012). It 
is unclear how sexual reproduction affects the dynamics of adaptation at the individual 
mutation level. A trait that is under complex genetic control where many genes can 
influence the outcome should be more susceptible to the effects of epistasis.  
 
Yeast cell size sensing and control are under the control of many different genetic 
pathways (Turner et al., 2012). My results suggest sexual reproduction likely generates a 
greater breadth of mutations of differing effects which mating can then bring together. I 
propose that, for small cell size, a combination of epistatic small effect mutations may be 
as adaptive as a single mutation of large effect. All experimental populations were still 
decreasing in size by the end of selection which indicates they were still engaged in hill-
climbing and the final local optima had not yet been reached. With additional time, I 
might well have seen a convergence in cell size. 
 
Conclusion 
Delayed reproduction is a life history strategy used by many species. One hypothetical 
benefit of delayed reproduction is that it buffers against environmental uncertainty. I have 
documented that delayed reproduction can also be adaptive for the budding yeast S. 
cerevisiae under predictable environmental pressure. Delayed reproduction is adaptive 
since it allows the cells to temporarily assume a small cell size without permanently 
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sacrificing the peak cell size. My data suggest that delayed reproduction of the daughter 
cell in the old environment can be very cost effective (incurs no fitness cost for asexual 
populations). One caveat for consideration is that yeast cells may be more likely to 
evolve delayed reproduction relative to other species. An extremely cohesive genome 
may not allow for further reduction in size through alternative means. Whether my 
observation is unique to my model organism or can have more general applications 
warrants further investigation. 
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Figure 2-1. Cell size distribution from analysis of flow cytometry data. Shown are: the 
ancestral genotype after A) 24 hrs of growth, and B) 48 hrs of growth as well as C) the 
derived population with the smallest change in cell size, and D) the derived population 
with the largest change in cell size. Cells of a population are discretely divided into two 
main subclasses, small and large. 
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Figure 2-2. Mean cell size of the entire population slightly decreased after small size 
selection. Replicate sexual and asexual populations had previously been selected to adapt 
to abiotic environmental conditions for 500 generations. Prior to the selection for small 
cell size, sexual and asexual populations differed in mean size. At generation 900, after 
400 generations of size selection, sexual and asexual populations are similar in mean cell 
size. Error bars indicate the standard deviation. 
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Figure 2-3. Decrease in mean size of the smaller cell size class for sexual (A) and 
asexual (B) populations over 400 generations. There was much greater diversity in the 
smaller cell size class among the sexual populations. The synchrony in size changes for 
nine out of ten asexual populations indicate a sequential fixation of mutations. 
Interestingly, the fitness of the asexual population that produced the smallest cells, 
measured in the ancestral environment, against a common competitor, was not different 
from that of the ancestor. Dark gray lines represent the ten individual replicate 
populations while the black line shows the mean cell size of the ten different populations. 
The selection regime was changed at generation 100 which is demarked by the vertical 
light gray line.  
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Figure 2-4. Genetic variation among sexual populations (y = 0.175x + 1.64; R2 = 0.82) 
increased at a faster rate during selection compared to asexual populations (y = 0.077x + 
4.05; R2 = 0.64). Measurements were taken every 50 generations with asexual replicates 
represented as gray diamonds and sexual replicates represented as black triangles. Lines 
are the best fit least squares linear regression on the standard deviation of the genetic 
component of size variation.  
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Figure 2-5. Change in mean size of the larger cell size class for sexual (A) and asexual 
(B) populations over 400 generations. Both sexual and asexual replicate populations 
show diversity in response to selection with each replicate population having distinct 
sawtooth changes. The gray lines represent the 10 individual replicate populations while 
the black line shows the average cell size of the ten different populations. The selection 
regime was changed at generation 100 which is demarcated by the vertical light gray line. 
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Figure 2-6. The frequency of small cells within a population remains unchanged in 
sexual replicates while declining in asexual replicates. Error bars indicate the standard 
deviation. 
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Figure 2-7. Fitness of sexual populations declined while asexual populations remain 
unchanged when measured in the ancestral environment, against the G418 marked 
genotype. Competition was initiated at a 1:1 ratio over a 24 hour time period. Error bars 
indicate the standard deviation. 
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CHAPTER 3: THE RAPID REVERSIBLITY OF PRIOR CELL SIZE 
ADAPTATIONS 
 
Summary 
Long-term cyclical environmental changes are common. Successful adaptation to these 
changes may critically depend upon the reversibility of evolution. Using an experimental 
approach, I sought to determine how prior sexual reproductive history and current sexual 
reproduction affected the reversibility of cell size (at 48 hrs in stationary phase) 
adaptation in Saccharomyces cerevisiae. Each population can be subdivided into two 
subclasses: smaller, younger and larger, older sized cells. Previously, size had decreased 
by 18-24% for the younger cells and increased 5-7% for the older cells. In this study, 
those populations were selected to return to the mean ancestral size using relaxed and 
reverse selection. I observed a rapid increase in mean cell size for the younger cells 
across all replicate populations within the first 50 generations of both relaxed and reverse 
selection, and most populations had returned to the mean ancestral size after 100 
generations. Interestingly, the mean cell size for the older cells converged on a similar 
value, which was larger than the ancestral size, for all replicate populations. Asexual 
populations were previously smaller and increased in size while sexual populations were 
previously larger and decreased in size. The overall dynamics of size evolution points to 
a peak cell size for yeast populations and deviations are rapidly corrected. 
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Introduction 
Environments change over time. Frequently, such changes are cyclical and occur over 
timescales that are long relative to the lifespan of individual organisms. If derived 
populations can recapture prior adaptations to an ancestral environmental, the rate of 
evolution could be increased when the environment returns to those ancestral conditions. 
However, the realization of such a benefit may critically depend upon the reversibility of 
adaptive evolution. A record of past adaptations is stored in a population’s standing 
genetic variation (Desai 2009). As evolution progresses, this variation will be altered 
through fixation or loss. Reversibility to ancestral states depends on how far evolution 
has progressed away from the ancestral past and how fast past variants are being lost. In 
asexual populations, clonal competition (Imhof and Schlötterer 2001) increases the 
likelihood that beneficial mutations will be lost whereas in sexual populations, mating 
can bring together mutations from different lineages, thereby increasing the likelihood 
that beneficial mutations are preserved. The effect of mode of reproduction (sexual vs. 
asexual) on the efficacy of reversibility has not been quantified.  
 
Reverse evolution can be an important for biological adaptation (see review by Porter and 
Crandell 2003). Firstly, reverse evolution can promote convergent evolution. In diverged 
populations of Drosophila, trait changes that required 200 generations of evolution were 
undone in as little as 20 generations after the re-imposition of ancestral conditions 
(Teotonio and Rose 2002; Teotonio et al. 2009). Secondly, reversible evolution may also 
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help organisms overcome evolutionary constraints and aid diversification (Porter and 
Crandell 2003). The majority of salamander species reproduce through direct 
development of terrestrial eggs. Phylogenetic reconstruction indicates that a group of 
salamanders, the biphasic desmognathines, have lost direct development and re-evolved 
the aquatic larval stage. Reversibility enabled the group to exploit mountain stream 
habitats and further diversify (Chippindale et al. 2004). Thirdly, reverse evolution may 
allow new evolutionary pathways to be explored through the elimination of unnecessary 
structures, functions and behaviors (Porter and Crandell 2003). Major developmental 
steps in eye degeneration of cave dwelling fish (Astyanax mexicanus) differing from their 
surface dwelling counterparts are well documented and point to loss (commonly referred 
to as regression in evolutionary developmental biology) as an evolutionary mechanism 
that eliminates a useless structure and function. Other examples of loss include sexually 
selected elaborate male traits in birds (Wiens 2001) and morphological adaptations for 
arboreality in beetles (Ober 2003). Finally, reverse evolution can also lead to the 
reacquisition of complex, adaptive features. Characters that have been regained include: 
well-developed hindlimbs in snakes (Tchernov et al. 2000); wings in stick insects 
(Whiting et al. 2003); repeated loss and gain of adhesive toepads in geckos (Gamble et al. 
2012); and re-evolution of free-living lifestyle from permanent parasitic lifestyle in dust 
mites (Klimov and OConnor 2013). 
 
Reversibility can occur at different levels of biological organization. Phenotypic 
reversibility is the most commonly studied form and includes changes to morphological 
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structures, physiological functions and behavioral patterns (Teotonio and Rose 2001; 
Porter and Crandell 2003). Phenotypic reversals are relatively easy to identify but their 
genetic basis is often unknown. Identifying genotypic reversals is challenging because the 
ancestral genotypes are often unknown. Furthermore, fully sequenced genomes may not 
be available which makes the identification of the genes associated with specific reversals 
difficult. There is some empirical evidence of reversals at the genetic level. Astyanax 
mexicanus is a freshwater fish and has a blind cave-dwelling form. Cavefish adults lack 
eyes to varying degrees while embryos develop small optic primordia, which are then lost 
during ontogeny. Eye loss is attributed to at least three quantitative trait loci that reduce 
eye size, reduce Pax6 gene expression and induce lens apoptosis (Porter and Crandell 
2003). Bateriophage X174 adapted to a Salmonella host grew poorly on traditional 
Escherichia host. Crill et al. (2000) found the ability/inability to grow efficiently on 
Escherichia was controlled by just 2-3 substitutions in the major capsid gene. When 
forced to grow on Escherichia, fitness recovery occurred predominantly by reversions at 
the same sites. Finally, studies have shown that the attenuated Sabin polio vaccine virus 
often reverted to a more virulent form within the vaccinated person. While this reversion 
does no harm to the host in which it arises, it can cause polio when transmitted to 
unvaccinated people (Bull, 2000). Experimental evolution of microbial systems allows 
for the association of phenotypic reversals with genotypic changes (Bull et al. 1997; 
Burch and Chao 1999). 
 
 87 
 
I examined how prior reproductive history and current reproduction affected the 
reversibility of cell size in Baker’s yeast Saccharomyces cerevisiae. S. cerevisiae has 
unique attributes that make it attractive as an experimental system. It can undergo sexual 
or asexual reproduction, has fast reproduction times, and can be viably stored at -80°C 
indefinitely, which allows for easy cross-generational comparisons. Furthermore, with a 
fully sequenced genome (Goffeau et al. 1996), one can examine the genotypic basis of 
reversibility. The reproductive history for my study was generated as follows (Chapter 1). 
Replicate populations of S. cerevisiae (totaling 20) were derived from a common 
ancestor. 10 populations were serially propagated asexually and 10 populations 
experienced periodic bouts of sexual reproduction (every 7 transfers) in between serial 
propagation. All populations were first selected to adapt to benign environmental 
conditions for 500 generations at 300C in nutrient-rich liquid medium. In the subsequent 
400 generations, I then used gravity to select for small cell-size (Chapter 2). In this study, 
I established duplicate populations for each of the previously generated replicate 
populations; one duplicate continued its previous mode of reproduction while the other 
duplicate switched to the alternative mode. Each population thus has a sexual (S) or 
asexual (A) prior history and differing current reproduction (S or A). These populations 
were selected for reversion to the ancestral cell size over 100 generations using both 
relaxed and reverse selection. 
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Materials and methods 
Prior history of strains 
All populations used in this study are derived from a previous series of selection 
experiments (previously described in Chapter 1 and Chapter 2). Briefly, twenty 
populations were derived from a genetically uniform diploid S. cerevisiae wild type strain 
HO Y55 kindly provided by Duncan Greig. Each population was maintained under 
laboratory conditions for 500 generations, in 25 mm x 150 mm glass tubes with 10 mL of 
medium at 30oC with shaking (250 rpm) to keep cultures well oxygenated. The 
populations were propagated daily by a 1/100 serial transfer, 100 µL of the old culture 
into fresh YTD (per liter: 5 g yeast extract, 10 g tryptone, 20 g dextrose), so that they 
went through log2100 (~6.64) generations daily. Ten of the populations were periodically 
(every 7 days) exposed to conditions to ensure a bout of sexual reproduction, while the 
other ten were propagated without exposure to those conditions and were assumed to 
have no (or very little) meiotic reproduction. (Treatment conditions for sexual 
reproduction are described in a following section.) Samples were frozen in 25% glycerol 
and stored at -80oC every 50 generations. 
After 500 generations of adaptation to culture conditions (Chapter 1), all populations 
underwent gravitational selection for small cell size for 400 generations (Chapter 2). 
Selection was initiated by restarting the previously selected 20 populations which had 
been stored at -800C. Each population was thawed, from which 50 µL was inoculated into 
10 mL fresh YTD medium. In between each transfer (every 24 hrs), a 1 mL sub-sample 
from each population was placed into a microcentrifuge tube and centrifuged (3600 x g, 
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15-s). The upper 100 µL of the resulting supernatant were then transferred to fresh YTD 
liquid medium. The centrifugation selection scheme was continued throughout the 
remainder of the propagation. The twenty populations were transferred into fresh medium 
on a daily basis for the first 100 generations, after which they were transferred every 
other day (48 hour cycle), as little response to selection was observed over the first 100 
generations. Again, ten of the populations were propagated with periodic (every 50 
generations) of meiosis, while the remainder were propagated without meiosis. Samples 
were frozen in 25% glycerol and stored at -80oC every 50 generations. 
 
Current experimental evolution 
Establishing new populations for subsequent size selection. After 400 generations of 
selection for small cell size, a 100 µL sub-sample from each population was used to 
establish four replicate populations (total of 80). Two duplicates continued their previous 
mode of reproduction while the other two duplicates switched to the alternative mode. 
Each population now had a sexual (S) or asexual (A) prior history and differing current 
production (S or A). These populations were selected for increased cell size over 100 
generations.  
Relaxed Selection for larger cell size. 40 populations (10SS, 10SA, 10AA, 10AS) were 
propagated for 100 generations with vegetative transfers occurring every 24 h. For 
populations with sex as the current reproductive mode (SS, AS), sex was induced twice, 
once at the beginning of the experiment (prior to relaxed and reverse selection), and once 
at generation 50.  
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Reverse Selection for larger cell size. 40 populations (10SS, 10SA, 10AA, 10AS) were 
propagated for 100 generations with vegetative transfers occurring every 24 h. In 
between each transfer, a 1 mL sub-sample from each population was placed into a 
microcentrifuge tube and spun down (100 x g, 5-s). 800 µL of the resulting supernatant 
(composed mostly of smaller cells) were then removed and replaced with 800 µL of 
water. The microcentrifuge tube was then vortexed and 100 µL of the resulting solution is 
transferred to fresh YTD liquid medium. Again, for populations with sex as the current 
reproductive mode (SS, AS), sex was induced twice, once at the beginning of selection 
and once at generation 50. Samples were frozen in 25% glycerol and stored at -80oC 
every 50 generations. 
 
Inducing sex 
Sexual reproduction was induced twice for sexual populations. Every 7 days (~50 
generations), 100 µL of culture grown in YTD was transferred to a nitrogen-limited 5 mL 
liquid sporulation medium (per liter: 20 g potassium acetate, 2.2 g yeast extract, 0.5 g 
dextrose, 870 mg mixture of all amino acids). Each population was incubated at 30oC 
with shaking for 4 days, during which cells underwent meiosis and produced 4 haploid 
spores (a tetrad). To kill any remaining cells that may not have undergone meiosis and 
spore formation, 50 µL of chloroform, to which spores are more resistant, was added to 
each culture. This procedure ensured that all cells within a population resulted from 
subsequent germination and mating of spores. The sporulation culture was allowed to sit 
idle for 1 day to allow for the chloroform to dissipate. 100 µL of sporulation culture was 
 91 
 
then transferred to fresh YTD broth for 2 days to allow for germination before continuing 
with mitotic propagation.  
 
Cell size assay  
I measured cell size via a flow cytometer (Benton Dickson FACS Calibur) using a 15mW 
488nm argon laser. Frozen replicates were thawed and grown in fresh YTD broth for 48 
hrs before measurement. Cell size data was analyzed with the FlowJo analysis software (Tree 
Star, Inc). Size distribution of each replicate population was visualized in a histogram plot with 
FSC on the x-axis and cell number on the y-axis. The overall size distribution was bimodal, 
with two distinct size sub-classes, and an intermodal region (Figure 3-1). I used FlowJo 
to mark (gate) the area between where the first mode starts and the median of the 
intermodal region. This represents all cells considered to constitute the smaller sized 
subclass (younger cells). Likewise, the area between the median of the intermodal region 
and where the second mode ends constitute the larger sized subclass (older cells). The 
mean cell size was determined by the FlowJo software. 
To account for and minimize the effects of incubator fluctuations on cell size, I grew 3 
replicates of the ancestor for every triplicate measurement. These ancestor sizes were 
then compared to a previously generated mean-ancestor-size standard. I attribute 
differences between the size of the 3 replicates and the previous standard size to 
incubator fluctuation, and the ancestral difference value was calculated. Cell sizes of 
triplicate measurements were then adjusted based on this ancestral difference.  
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Fitness measurements  
The derived isolates frozen at time 0, 50, and 100 generations were grown for 48 h in 
YTD and then diluted 1/200 into 10 mL YTD (in 25 × 150-mm tubes) along with a 
common competitor—G418-labeled Y55, also diluted 1/200 from a 48 h culture. Cell 
density within a mixed population was determined at time 0 and after 24 h growth with 
replica plating. After growth on a regular YTD agar plate, colonies were transferred onto 
an YTD-G418 plate using velvet cloth. Malthusian growth parameters for each test strain 
relative to the common competitor were determined following the method of Lenski et 
al., 1991. Briefly, after 24 hrs, the number of divisions for each competing genotype 
(growing in the mixed culture) was determined and a ratio calculated. A value of 1 
indicates both genotypes are equally fit, a value less than 1 indicates the competitor is 
more fit while a value greater than 1 indicates the test strain is more fit.  
 
Statistical analysis 
All fitness measurements for each test population were performed in triplicate. I assessed 
overall differences between the genotypes with a REML ANOVA using JMP (SAS 
Institute, Inc). A planned contrast was performed for ancestor vs. current selection and 
reverse vs. relaxed selection. 
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Results 
Each population has a distinct reproductive history that is either sexual (S) or asexual (A) 
and distinct current reproduction (S or A). Replicate populations can be grouped into 4 
“treatments”: prior history of asexuality, currently asexual (AA); prior history of 
asexuality, currently sexual (AS); prior history of sexuality, currently asexual (SA); prior 
history of sexuality, currently sexual (SS).  
Size distribution of ancestral genotype. After 48h of growth, the 95% confidence range of 
cell size for the ancestral genotype is from 703 to 2962 AU, with a mean of 1648 AU 
(Figure 3-1B). The overall size distribution is bimodal, with two distinct size sub-classes, 
and an intermodal distance of approximately 41% of the 95% confidence range. The 
number of cells in the trough between the two peaks (cell size containing the smallest 
number of cells between the two modes) is roughly 1% of the two modal size classes. 
The left peak corresponds to the smaller size class cells and the 95% confidence ranges 
from 634 to 1120 AU with a mean of 883 AU. The right peak corresponds to the larger 
size class cells and the 95% confidence ranges from 1346 to 3109 AU with a mean of 
2089 AU (Figure 3-1B). 
 
Changes in cell size for younger cells. I observed a rapid increase in mean cell size for 
the smaller cell size class in all replicate populations within the first 50 generations of 
selection (Figure 3-2, 3-3). Initially, previously asexual lineages (AA, AS) were 12% 
larger than previously sexual lineages (SA, SS). The mean cell sizes were 800 and 714, 
for the previously asexual and previously sexual lineages, respectively. After 100 
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generations of relaxed selection, the mean cell sizes were 891 and 852, for the previously 
asexual and previously sexual lineages, respectively. This represents an 11% increase in 
size for previously asexual lineages and 19% increase in size for previously sexual 
lineages. After 100 generations of reverse selection, the mean cell sizes were 900 and 
833, for the previously asexual and previously sexual lineages, respectively. This 
represents a 12% increase in size for previously asexual lineages and 17% increase in size 
for previously sexual lineages. Measured over the entire course of selection, increases in 
cell size can be attributed to previous reproductive history (F1,18 = 6.50, P = 0.0201, 
REML-ANOVA, adj. r2 = 0.704). Current reproduction (P = 0.2957) and interactions 
between prior and current reproduction (P = 0.1063) had no effect on fitness. Relaxed 
and reverse selection resulted in a very slight difference in the mean cell size. With 
reverse selection, previously asexual lineages were 1% larger while previously sexual 
lineages were 2% smaller. The differences are marginally significant (P = 0.0506), as 
determined by a planned contrast.   
 
Changes in cell size for older cells. I observed a convergence in mean cell size for the 
larger cell size class in all replicate populations (Figure 3-4, 3-5). Initially, previously 
asexual lineages (AA, AS) were 11% smaller than previously sexual lineages (SA, SS). 
The mean cell sizes were 2065 and 2334, for the previously asexual and previously 
sexual lineages, respectively. After 100 generations of relaxed selection, the mean cell 
sizes were 2191 and 2221, for the previously asexual and previously sexual lineages, 
respectively. This represents a 6% increase in size for previously asexual lineages and 5% 
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decrease in size for previously sexual lineages. After 100 generations of reverse selection, 
the mean cell sizes were 2145 and 2221, for the previously asexual and previously sexual 
lineages, respectively. This represents a 4% increase in size for previously asexual 
lineages and 5% decrease in size for previously sexual lineages. Measured over the entire 
course of selection, changes in cell size can be attributed to previous reproductive history 
(F1,18 = 13.12, P = 0.0019, REML-ANOVA, adj. r
2 = 0.584) as well as current 
reproduction (F1,515 = 47.77; P < 0.0001; REML-ANCOVA, adjusted r
2 = 0.584). 
Interactions between prior and current reproduction (P = 0.1767) had no effect on cell 
size. Relaxed and reverse selection resulted in a very slight, but significant difference in 
the mean cell size (P < 0.0001), as determined by a planned contrast. With reverse 
selection, previously asexual lineages were 2% larger.  
 
Change in number of younger and older cells in the population. The relative number of 
smaller cells decreased for previously asexual populations but did not change for 
previously sexual populations (F1,18 = 5.34; P = 0.0328; REML-ANCOVA, adjusted r
2 = 
0.57). The initial frequency of smaller cells for both asexual (AA, AS) and sexual (SA, 
SS) lineages was similar at 34%. After 100 generations of relaxed selection, the 
frequency of smaller cells for AA and AS lineages was 29.7% and 26.7%, respectively, 
while the SA and SS populations had frequencies of 36.4% and 34.6%, respectively 
(Figure 3-6). After 100 generations of reverse selection, the frequency of smaller cells for 
AA and AS lineages was 31.3% and 30.2%, respectively, while the SA and SS 
populations had frequencies of 34.7% and 33.3%, respectively (Figure 3-7). Current 
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sexual reproduction in previously asexual lineages reduced the frequency of smaller cells 
by 4% (F1,515 = 21.98; P < 0.0001; REML-ANCOVA, adjusted r
2 = 0.57). The selection 
regime did not affect the relative number of cells in each size class (P = 0.9216). 
 
Changes in fitness. Competing against a common competitor under ancestral conditions, 
fitness generally increased over time. Initially, previously asexual lineages (AA and AS) 
appears to be 4% more fit than previously sexual lineages (SA, SS). Fitness estimates 
were obtained relative to a G418 common competitor. The mean relative fitness was 0.95 
and 0.92, for the previously asexual and previously sexual lineages, respectively. After 
100 generations of relaxed selection, AA and AS lineages had mean relative fitnesses of 
1.01 and 1.05, respectively, while the SA and SS populations had mean relative fitnesses 
of 0.99 and 0.98, respectively. This represents a 6-10% fitness gain for previously 
asexual lineages and 7% fitness gain for previously sexual lineages (Figure 3-8). After 
100 generations of reverse selection, AA and AS lineages had mean relative fitnesses of 
0.95 and 0.99, respectively, while the SA and SS populations had mean relative fitnesses 
of 0.94 and 0.99, respectively. While the fitness did not change for completely asexual 
lineages, current sexual reproduction resulted in a 4% fitness gain for previously asexual 
lineages (Figure 3-9). For lineages that were previously sexual, current sexual 
reproduction resulted in a larger fitness gain (7%) compared to current asexual 
reproduction (2%). The increases in fitness can be attributed to prior reproductive history 
(F1,19 = 6.34; P = 0.0208; REML-ANCOVA, adjusted r
2 = 0.12) as well as current 
reproduction (F1,276 = 4.65; P = 0.0318; REML-ANCOVA, adjusted r
2 = 0.12). 
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Interactions between prior and current reproduction (P = 0.3801) had no effect on fitness. 
The relative importance of current reproduction differed with the selection regime (P = 
0.0008), as determined by a planned contrast. With relaxed selection, current sexual 
reproduction allowed previously asexual lineages to gain more fitness but had no effect 
on previously sexual lineages. With reverse selection, current sexual reproduction had an 
equal effect on all populations regardless of prior reproductive history. 
 
Discussion 
Whether evolution is reversible remains a topic of contentious debate. One point of 
contention is rooted in the precise definition of reversibility. Another point of 
disagreement centers on just how frequent reversible evolution occurs in nature. The 
initial lack of consensus might be a reflection of sampling bias associated with 
inadequate phylogenetic tests (Goldberg and Igic 2008). However, recent studies 
continue to present evidence both in support of (Gamble et al. 2012; Klimov and 
OConnor 2013) and against (Bridgham et al. 2009) evolutionary reversibility. It seems 
increasingly likely that evolution is not reversible for all traits (Barrett 2013). So what 
makes some traits more reversible than others? Theoretical works have identified two 
factors that could affect reversibility, time and the standing genetic variation of a 
population (Marshall et al. 1993; Desai 2009). Evolution may be less reversible over 
time. As a population move away from the ancestral past, genes that no longer contribute 
to the fitness of an organism can become silenced through loss of expression or 
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expression below a threshold level (Marshall et al. 1993). Regaining silenced gene 
function becomes increasingly difficult over time. Prior adaptations are stored in the 
population’s standing genetic variation. As evolution progresses, this variation is altered 
and prior adaptations can be lost (Desai 2009).  
 
In this chapter, I investigated how the standing genetic variation of the population, affects 
the reversibility of a single trait, the cell size of yeast populations. Differences in genetic 
variation are a consequence of prior reproductive history as well as current reproduction. 
Using flow cytometry, I divided the cell size of each population into two distinct 
subclasses: smaller, younger cells and larger, older cells. During relaxed and reverse 
selection for larger cell size, cell size rapidly increased for the younger cells and, after 
100 generations, size had nearly returned to the ancestral value. On the other hand, cell 
size for the older cells converged on common values that were larger than the ancestral 
value. Generally, cell size increases of the population were accompanied by an increase 
in the relative competitive fitness. Since neither prior sexual reproduction nor current 
sexual reproduction affected the responses to selection, genetic variability maintained or 
generated through sexual reproduction does not seem to play a large role in influencing 
the reversibility of cell size.  
 
Dynamics of adaptation points to a peak cell size for young, daughter cells 
Cell size is associated with the regulation of key cellular functions (see review by 
Marshall et al. 2012). The peak cell size of a single celled organism changes in an age 
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dependent manner with younger cells generally being smaller and, older cells generally 
being larger. The peak cell size also differs for cells that are not dividing (in stationary 
phase) and those actively engaged in mitosis. To maintain a consistent cell size at a given 
stage of their life-cycle, yeasts regulate division through growth dependent modification 
of cell cycle transitions (see review by Turner et al. 2012). In an earlier study, I had used 
gravity to select for smaller yeast cells after every 48 hrs of growth; larger cells settled to 
the bottom of tubes after centrifugation and were discarded. After 400 generations of 
selection for smaller size, sizes of cells in the smaller, younger cells had decreased 
substantially (18-24%) while sizes of larger, older cells had increased slightly (5-7%). 
The divergent responses of the younger and older cells strongly suggested adaptation 
proceeds through the evolution of delayed reproduction, with the budding of the daughter 
cell timed to occur immediately prior to the settling selection event at 48 hrs. In this 
study, I reverse evolved cell size for 100 generations using both relaxed and reverse 
selection. Relaxed selection (returning to ancestral growth conditions) led to the loss of 
the adaptive value of smaller cell size at 48 hrs while reverse selection actively selects for 
larger cells at 48 hrs.  
 
The simple application of relaxed selection was enough to rapidly reverse the cell size of 
the younger cells back to ancestral values. At the same time, reverse selection for large 
cells did not result in younger cells that were larger than the ancestral size. These results 
strongly suggest that delayed reproduction is not adaptive in the absence of settling 
selection at 48 hrs and the ancestral daughter cell size is the peak size. Rapid trait loss in 
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response to relaxed selection has been observed in natural populations (see review by 
Lahti et al. 2009). Such rapid reversions point to a large fitness cost associated with the 
maintenance of the trait. In my populations, the rapid size reversals and accompaning 
fitness improvements in the ancestral environment reveals the high costs of maintaining 
smaller cell size through delayed reproduction. Yeast cells must meet a size threshold 
prior to division (Di Talia et al. 2007) so smaller cells have to spend more time in G1 
compared to larger cells (Johnston et al. 1977) which results in slower growth rates. For 
the older cells, the convergence of all populations at common sizes suggests that a peak 
size also exists. However, the size optimum for older cells under settling selection is 
greater than the ancestral mean without settling selection.  
 
Reversibility of delayed reproduction is not driven current reproduction 
My initial prediction was that the speed and comprehensiveness of reverse evolution 
would be enhanced with current sexual reproduction. Meiotic recombination can bring 
together beneficial mutations from different lineages and unlink beneficial mutations 
from deleterious ones thereby increasing the rate of adaptation (Gray and Goddard, 
2012). Since yeast cell size control is under the control of many different genetic 
pathways (Turner et al. 2012), reversibility can also be enhanced through the evolution of 
new epistatic interactions. Mutations of small effects can interact to form favorable gene 
combinations and may result in the offspring gaining new fitness advantages. Asexuality, 
on the other hand, can result in the loss of standing genetic variation and the 
accumulation of mildly deleterious mutations (Henry et al. 2012). Variation is lost as 
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genotypes with different mutations of similar effects compete with each other (Imhof and 
Schlötterer, 2001). The preservation of a beneficial mutation in asexual populations is 
also more random with the probability of fixation heavily influenced by the underlying 
genetic variation of the population rather than the associated fitness advantage (Lang et 
al. 2011). 
 
With one small exception, current sexual reproduction did not affect the efficacy of 
reversibility. Changes in cell size for both subclasses were primarily influenced by prior 
reproductive history. For the younger cells, cell size increased more for previously sexual 
lineages (SA, SS). However, those lineages were initially 12% smaller than previously 
asexual lineages (AA, AS). For the older cells, previously asexual populations were 
initially 11% smaller than the previously sexual populations and slightly increased in 
size. The initially larger, previously sexual, populations slightly decreased in size and all 
sexual and asexual populations then converged on common size values. Sexual 
reproduction is known to increase the speed of adaptation for many organisms (Rice and 
Chippindale, 2001; Colgrave 2002; Poon and Chao, 2004; Goddard et al. 2005). Indeed, 
some effects of current sexual reproduction are evident in this study. Cells in the larger 
size subclass were 1.5% larger than ancestral values as a result of current sexual 
reproduction and current sexual reproduction in previously asexual lineages (AS) reduced 
the frequency of cells of the smaller cell subclass by 4%. Therefore, it is unlikely that 
reversible evolution, being a form of adaptation, is intrinsically immune to the effects of 
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sex. Why then was the speed and comprehensiveness of reversibility largely unaffected 
by current reproduction?  
 
Rapid reversibility may not allow the effects of current reproduction to be detected or 
pleiotropic effects may be strong enough to supersede the effects of sex. Reversibility can 
be facilitated by pleiotropy which connects traits together genetically. With sufficient 
genetic variation, the positive response of a few traits to reverse selection will drag other 
traits back to the ancestral state (Teotonio and Rose 2001). Since cell size is closely tied 
to fitness in yeast populations, changes in size could simply be a reflection of changes in 
fitness. However, my data does not support this type of interaction. Cell size changes 
after adaptation were fairly similar across all populations irrespective of relaxed or 
reverse selection while changes in fitness were more variable. While current mode of 
reproduction had little effect on changes in cell size, it had a discernible effect on changes 
in fitness. Under relaxed selection, current sexual reproduction allowed previously 
asexual (AS) lineages to gain more fitness but had no effect on previously sexual (SS) 
lineages. Under reverse selection, current sexual reproduction led to greater fitness 
improvements than current asexual reproduction regardless of prior reproductive history.  
 
The effects of sexual reproduction on reversibility may be more pronounced if the 
populations are far removed from their ancestral past. My findings may simply be 
reflective of the fact that previous selection for small cell size was not carried out over a 
sufficient period of time to fundamentally alter the standing genetic variation of the 
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population. Reversibility becomes increasingly difficult with time. The likelihood of 
precise genetic reversal declines with the number of genetic changes necessary to recover 
the ancestral state. This is strongly affected by the potential for multiple different 
mutations to confer similar phenotypic benefits. Epistasis will inhibit reversion if 
reversals involve breakup of favorable epistatic gene combinations that have evolved 
since derivation from the ancestral state (Teotonio and Rose 2001). Such epistatic 
barriers can arise either in the original divergence from the ancestral state and/or in 
subsequent selection that would favor the ancestral genotype. Bull and Charnov (1985) 
also noted several possible examples of non-reversible evolution associated with the 
inability to have viable offspring after reversals. One example is the occurrence of 
Muller’s ratchet leading to an irreversible loss of fitness over time at the population level. 
Thus, the longer a population stays in the same environment the more likely mutation 
accumulation, antagonistic pleiotropy, epistasis, and genotype by environment 
interactions will play a role in limiting the reversibility of evolution.  
Finally, sexual reproduction may have little influence on highly reversible traits. During 
the course of evolution, genes that no longer contribute to the fitness of an organism can 
become silenced through loss of expression or expression below a threshold level 
(Marshall et al. 1993). Successful reverse evolution to ancestral conditions necessitates 
that silenced gene function be regained (through back-mutations, recombination or gene 
conversions). The underlying premise for successful function restoration is that the 
encoded protein must still be functional. Studies have shown that for silenced 
pseudogenes, single base changes will predominate early but frameshifts will eventually 
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occur thus the likelihood of restoring the original genotype changes with time. Gene 
dispensability (its biological importance) is directly related to the propensity of a gene to 
be lost (Krylov et al. 2003) and evolution rates (Wilson et al. 1977). More dispensable 
genes will be under less selective constraint while less dispensable genes will require 
most amino acids to be maintained invariant in order to retain function. Thus, the 
probability of successful “gene resurrection” over time is smaller for less dispensable 
genes when compared to more dispensable genes. Since size control is critically 
important for yeast cells, cell size will always be a highly reversible trait.  
 
Conclusion 
My results showed stationary phase yeast cell size to be a highly reversible trait. 
However, current sexual reproduction had little influence on how size changed. I have 
hypothesized possible genetic causes for my observations. Genomic sequencing would 
provide a more comprehensive picture of the genetic forces involved in the regulation of 
yeast cell size. The molecular genetics for most phenotypic reversals are unknown. 
Whether documented cases of reverse evolution are from de novo forms that have no 
relationship to ancestral states or from true back mutations is still an open question.  
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Figure 3-1. Cell size distribution of the ancestral genotype after A) 24 hrs and B) 48 hrs 
of growth. Based on flow cytometry, cells of a population can be discretely divided into 
two main subclasses, smaller and younger, and larger and older.  
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Figure 3-2. After 100 generations of relaxed selection, mean size of the smaller cell size 
class for all treatments rapidly returned to the ancestral cell size. Previously asexual 
populations are black and previously sexual populations are gray . Dashed 
lines represent current sexual reproduction and solid lines are currently asexual. Lines are 
best fit polynomial regressions.  
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Figure 3-3. After 100 generations of reverse selection, mean size of the smaller cell size 
class all treatments rapidly returned to the ancestral cell size. Previously asexual 
populations are black and previously sexual populations are gray . Dashed 
lines represent current sexual reproduction and solid lines are currently asexual. Lines are 
best fit polynomial regressions.  
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Figure 3-4. After 100 generations of relaxed selection, mean size of the larger cell size 
class decreased for previously sexual populations and increased for previously asexual 
populations. Previously asexual populations are black and previously sexual 
populations are gray . Dashed lines represent current sexual reproduction and solid 
lines are currently asexual. Lines are best fit polynomial regressions.  
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Figure 3-5. After 100 generations of reverse selection, mean size of the larger cell size 
class decreased for previously sexual populations and increased for previously asexual 
populations. Previously asexual populations are black and previously sexual 
populations are gray . Dashed lines represent current sexual reproduction and solid 
lines are currently asexual. Lines are best fit polynomial regressions.  
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Figure 3-6. After relaxed selection, the frequency of small cells in a population 
decreased for previously asexual lineages but did not change for previously sexual 
lineages. For treatment designation, the first letter represents prior reproductive history 
and the second letter represents current reproduction; A is asexual and S is sexual. Error 
bars indicate the standard deviation.
 111 
 
 
 
Figure 3-7. After reverse selection, the frequency of small cells in a population decreased 
for previously asexual lineages but did not change for previously sexual lineages. For 
treatment designation, the first letter represents prior reproductive history and the second 
letter represents current reproduction; A is asexual and S is sexual. Error bars indicate the 
standard deviation. 
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Figure 3-8. After relaxed selection, the fitness of all treatments improved. Competition 
was initiated at a 1:1 ratio over a 24 hour time period against a G418 marked genotype. 
For treatment designation, the first letter represents prior reproductive history and the 
second letter represents current reproduction; A is asexual and S is sexual. Error bars 
indicate the standard deviation. 
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Figure 3-9. Under reverse selection, fitness improved for currently sexual populations 
(AS, SS). Competition was initiated at a 1:1 ratio over a 24 hour time period against the 
G418 marked genotype. For treatment designation, the first letter represents prior 
reproductive history and the second letter represents current reproduction; A is asexual 
and S is sexual. Error bars indicate the standard deviation. 
 114 
 
CHAPTER 4: SEX DELAYS THE ONSET OF MULTICELLULARITY 
 
Summary 
The evolution of multicellularity was a key transition for life on earth. History and 
chance likely played a major role in determining when and how this adaptation arose. 
Using experimental evolution, I examined how prior sexual reproductive history and 
current sexual reproduction affected Saccharomyces cerevisiae‘s capacity to evolve the 
multicellular phenotype. Populations, previously maintained either sexually or asexually 
for 1000 generations, were selected for the development of larger cell size. After 300 
generations, I observed that previously asexual populations were substantially larger than 
previously sexual ones. The difference in size is the result of the rapid evolution of 
multicellularity in some of the asexual populations. Multicellularity in my populations is 
a result of incomplete cell-division. The gene responsible for this phenotype is also 
involved in normal mating behavior, which may explain why sexual reproduction delayed 
the onset of multicellularity. These findings show that multicellularity in S. cerevisiae 
seems is a historically contingent adaptation and is strongly affected by pleiotropy.   
 
Introduction 
The degree to which deterministic versus random processes influence evolutionary 
outcomes has been a subject of intense debate (Beatty 2006; Morris 2010). During the 
course of adaptive evolution, natural selection proceeds deterministically. However, 
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selection response depends upon the heritable variability that originates through random 
mutations. Mutations of neutral effects (Kimura 1983) and genetic drift (Suzuki et al., 
1989) also contribute to the stochastic appearance and ensuing fixation or loss of new 
traits. Traits not under selection can accumulate neutral mutations which may lead to its 
loss (Marshall et al., 1994). The genetic structure of the ancestral population may limit 
and constrain the direction and scope of subsequent evolution. Such historical 
contingency has been demonstrated in microbial experimental evolution studies to 
directly examine how history and chance affect “replaying of life’s tape” on a 
microevolutionary scale (Travisano et al., 1995; Cooper et al., 2003; Blount et al., 2008; 
Saxer et al., 2010; Wichman and Brown 2010).  
 
The influence of history and chance on evolution differs with the selected trait as well as 
the size and structure of the population (Szendro et al., 2013; Frean et al., 2013). 
Historical contingency is especially important for adaptations that depend on unusually 
rare mutations (Blount et al., 2008) and is less so for traits that are strongly correlated 
with fitness (Travisano et al., 1995). The order of occurrence of mutations has important 
implications for subsequent gene interactions (Mani and Clarke 1990). Epistasis can 
severely constrain the adaptive route and obviate reproducibility (Weinreich et al., 2005; 
Weinreich et al., 2006; Dickinson et al., 2013). Since sexual reproduction plays a central 
role in the genetic structure of a population (de Visser and Elena 2007), sexual 
reproduction should also have a profound effect on the interplay between history and 
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chance. The association between sexual reproduction and historical contingency has not 
been empirically tested.  
 
Sexual reproduction increases the amount of haplotypes present in a population and 
affects how the persistence of mutations. Variability arises through mutation (Nishat et 
al., 2010), meiotic recombination (Felsenstein 1974) and mating, and is the substrate for 
natural selection to operate. Sexual reproduction has been shown to increase the rate of 
adaptation to new environments (Goddard et al., 2005) and allows selection to purge 
deleterious mutations that might otherwise “hitchhike” on the beneficial mutations 
(Muller 1932; Keightley and Otto, 2006). In asexual populations, clonal competition 
(Imhof and Schlötterer, 2001) increases the likelihood that beneficial mutations are lost 
whereas in sexual populations, mating can bring together mutations from different 
lineages thereby increasing the likelihood that beneficial mutations are retained. Since the 
amount of starting variation (for previous sexual and asexual populations) and subsequent 
mutation retention rates are different, I hypothesized that sexual populations will adapt 
faster to large cell size selection.  
 
The objective of this study is to explore how reproductive history affects populations of 
Saccharomyces cerevisiae under selection for larger cell size. The unicellular yeast S. 
cerevisiae is the ideal model organism to test my hypothesis for a variety of reasons. S. 
cerevisiae can reproduce asexually (when sufficient nutrients are available) or sexually 
(when nutrients are limited). A fast generation time (doubling every ~2 hours) allows for 
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the buildup of genetic variation and long-term experimentation. S. cerevisiae is also the 
first eukaryote to have a fully sequenced genome (Goffeau et al., 1996), which facilitates 
future molecular genetic analysis of adaptive changes. Cell size is a readily selectable 
trait (Chapter 2 and Chapter 3) and is a key determinant of numerous critical cellular 
functions. Cell physiology, cell division, and the correct positioning of cells within 
tissues are all affected by size (see review by Marshall et al., 2012). Being larger or 
smaller than a peak size changes the optimal surface area to volume ratio of a cell, which 
may affect ion exchange and nutrient uptake efficiency as well as the normal function of 
spindle fibers during cellular division (Marshall et al., 2012). For single celled organisms, 
cell size is closely associated with fitness since size also influences adhesion, dispersal, 
movement, and predator avoidance (Marshall et al., 2012). The peak cell size of a single 
celled organism changes in an age dependent manner with younger cells generally being 
smaller and, older cells generally being larger. The peak cell size also differs for cells that 
are not dividing (in stationary phase) and those actively engaged in mitosis.  
 
Previously, despite application of harsh selective pressures, my attempts at evolving 
smaller sized yeast cells had resulted in delayed reproduction (smaller daughter cells) 
rather than smaller cell size for older, reproducing cells. This suggested that cell size of 
my original yeast populations might already have been at an optimum and further 
deviation imposed significant fitness costs. I also tested this prediction when selecting for 
increase in cell size. Ratcliff et al. (2012) rapidly obtained a multicellular S. cerevisiae 
genotype by selecting on a unicellular ancestor. Following selection via gravity-based 
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settling selection, they observed the rapid emergence of a snowflake-like phenotype 
consisting of multiple attached cells. After ~420 generations, all their replicate 
populations were dominated by large multicellular clusters. I modified Ratcliff et al.’s 
selection regime to promote the production large individual yeast cells rather than only 
large clusters. Research suggests S. cerevisiae and other organisms that exponentially 
grow are limited in the size of single cells. The original genome may be inefficient at 
controlling the exponential growth of the cytoplasm if cells are too large (Zhurinsky et 
al., 2010). Polyploidy through whole genome duplications offers better control. However, 
polyploid cells may not be favored due to genomic instability associated with ploidy-
specific lethal mutations (Storchova et al., 2006). Assuming optimum size for cells in a 
cluster is similar to the optimum for single cells, I would expect my selection to lead to 
the formation of clusters of cells rather than bigger individual cells.  
 
Materials and methods 
Prior history of strains 
All populations used in this study are derived from a previous series of selection 
experiments (Chapter 1). Briefly, twenty populations were established from a single 
Saccharomyces cerevisiae Y55 genotype (kindly provided by Duncan Greig). Each 
population was maintained under laboratory conditions for 500 generations, in 25 mm x 
150 mm glass tubes with 10 mL of medium at 30oC with shaking (250 rpm) to keep 
cultures well oxygenated. The populations were propagated daily by a 1/100 serial 
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transfer, 100 µL of the old culture into fresh YTD (per liter: 5 g yeast extract, 10 g 
tryptone, 20 g dextrose), so that they went through log2100 (~6.64) generations daily. Ten 
of the populations were periodically (every 7 days) exposed to conditions to ensure a bout 
of sexual reproduction, while the other ten were propagated without exposure to those 
conditions and were assumed to have no (or very little) meiotic reproduction. (Treatment 
conditions for sexual reproduction are described in a following section.) Samples were 
frozen in 25% glycerol and stored at -80oC every 50 generations. 
After 500 generations, all populations underwent selection for small cell size for 400 
generations (Chapter 2). Selection was initiated by restarting the 20 populations described 
above, which had been stored at -800C. Each population was thawed and 50 µL was 
inoculated into 10 mL fresh YTD medium. In between each transfer (every 24 hrs), a 1 
mL sub-sample from each population was placed into a microcentrifuge tube and 
centrifuged (3600 x g, 15-s). The upper 100 µL of the resulting supernatant were then 
transferred to fresh YTD liquid medium. The centrifugation selection scheme was 
continued throughout the remainder of the propagation. The twenty populations were 
transferred into fresh medium on a daily basis for the first 100 generations, after which 
they were transferred every other day (48 hour cycle), because little response to selection 
was observed over the first 100 generations. Again, ten of the populations were 
propagated with periodic (every 50 generations) meiosis, while the other ten remained 
asexual. Samples were frozen in 25% glycerol and stored at -80oC every 50 generations. 
After 400 generations of selection for small cell size, a 100 µL sub-sample from each 
population was used to establish four replicate populations (total of 80). Two duplicates 
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continued their previous mode of reproduction while the other two duplicates switched to 
the alternative mode. Each population now had a sexual (S) or asexual (A) prior history 
and differing current production (S or A). I imposed selection for larger cell size for 100 
generations (Chapter 3). 40 populations experienced relaxed selection (growth under 
laboratory conditions) and 40 populations experienced reverse selection (gravity-based 
settling). For reverse selection, in between each transfer (every 24 hrs), a 1 mL sub-
sample from each population was placed into a microcentrifuge tube and centrifuged (100 
x g, 5-s). 800 µL of the resulting supernatant (composed mostly of smaller cells) were 
then removed and replaced with 800 µL of water. The microcentrifuge tube was then 
vortexed and 100 µL of the resulting solution was transferred to fresh YTD liquid 
medium. Sexual populations were induced to undergo meiotic reproduction at generation 
0 and 50, while asexual populations remained asexual. Samples were frozen in 25% 
glycerol and stored at -80oC every 50 generations. 
 
Current experimental evolution 
The relaxed and reverse selection applied to the 80 populations described above was 
continued for 300 additional generations. While the relaxed selection regime was 
unchanged, I modified the reverse selection to slightly increase the selective pressure. In 
between each transfer (every 24 hrs), a 1 mL sub-sample from each population was 
placed into a microcentrifuge tube and centrifuged (100 x g, 5-s). All of the resulting 
supernatant (~1 mL) was then removed and replaced with 1 mL of water. The 
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microcentrifuge tube was then vortexed and 100 µL of the resulting solution was 
transferred to fresh YTD liquid medium. Again, sexual populations were propagated with 
periodic (every 50 generations) meiosis, while asexual populations remained asexual. 
Samples were frozen in 25% glycerol and stored at -80oC every 50 generations. 
 
Inducing sex 
Sexual reproduction was induced every 50 generations for sexual populations (4 times 
over 300 generations). Every 7 days (~50 generations), 100 µL of culture grown in YTD 
was transferred to a nitrogen-limited 5 mL liquid sporulation medium (per liter: 20 g 
potassium acetate, 2.2 g yeast extract, 0.5 g dextrose, 870 mg mixture of all amino acids). 
Each population was incubated at 30oC with shaking for 4 days, during which cells 
underwent meiosis and produced 4 haploid spores (a tetrad). To kill any remaining cells 
that may not have undergone meiosis and spore formation, 50 µL of chloroform, to which 
spores are more resistant, was added to each culture. This procedure ensured that all cells 
within a population resulted from subsequent germination and mating of spores. The 
sporulation culture was allowed to sit idle for 1 day to allow for the chloroform to 
dissipate. 100 µL of sporulation culture was then transferred to fresh YTD broth for 2 
days to allow for germination before continuing with mitotic propagation.  
 
Cell size assay  
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All cell size measurements for each replicate population were performed in triplicate. To 
account for and minimize the effects of incubator fluctuations on cell size, I grew 3 
replicates of the ancestor for every triplicate measurement. These ancestor sizes were 
then compared to a previously generated mean-ancestor-size standard. I attribute 
differences between the size of the 3 replicates and the previous standard size to 
incubator fluctuation, and the ancestral difference value was calculated. Cell sizes of 
triplicate measurements were then adjusted based on this ancestral difference.  
Relaxed selection 
I measured cell size via a flow cytometer (Benton Dickinson FACS Calibur) using a 
15mW 488nm argon laser. Frozen replicates were thawed and grown in fresh YTD liquid 
medium for 48 hrs before measurement. Cell size was measured in arbitrary units (AU) 
as determined by its forward light scatter (FSC). Cell size data was analyzed with the 
FlowJo analysis software (Tree Star, Inc). Size distribution of each replicate was 
visualized in a histogram plot with FSC on the x-axis and cell number on the y-axis.  
Reverse selection 
Multicellular clusters are too large to be measured via a flow cytometer. Instead, images 
of each yeast population were taken with a Benchtop FlowCAM (Fluid Imaging 
Technologies) and population attributes were obtained from associated software. Again, 
frozen replicates were thawed and grown in fresh YTD liquid medium for 48 hrs before 
measurement. The number of individuals (either a cell or a cluster) varies by population. 
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To account for sample size differences between populations, I randomly picked 100 data 
points (individuals) from each population to use for statistical analysis.  
 
Fitness measurements  
The ancestor and all derived isolates were grown for 48 h in YTD and then diluted 1/200 
into 10 mL YTD (in 25 × 150-mm tubes) along with a common competitor—G418-
labeled Y55, also diluted 1/200 from a 48 h culture. Cell density within a mixed 
population was determined at time 0 and after 24 h growth with replica plating. After 
growth on a regular YTD agar plate, colonies were transferred onto an YTD-G418 plate 
using velvet cloth.  Malthusian growth parameters for each test strain relative to the 
common competitor are determined following the method of Lenski et al., 1991. Briefly, 
after 24 hrs, the number of divisions for each competing genotype (growing in the mixed 
culture) was determined and a ratio calculated. A value of 1 indicates both genotypes are 
equally fit, a value less than 1 indicates the competitor is more fit while a value greater 
than 1 indicates the test strain is more fit.  
 
Results 
Each population had a reproductive history that is either sexual (S) or asexual (A) and 
distinct current reproduction (S or A). Replicate populations can be grouped into 4 
“treatments”: prior history of asex, currently asexual (AA); prior history of asex, 
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currently sexual (AS); prior history of sex, currently asexual (SA); prior history of sex, 
currently sexual (SS).  
 
Individual size differences for reverse selection. Individual size is reported as the least 
square mean diameter (in µm) of a cell or cluster of cells. Mean individual size in 
previously asexual populations was considerably larger than that of previously sexual 
populations (AA = 70% and AS = 44%; Figure 4-1). The differences in size were due to 
differences in the evolution of a multicellular phenotype (Figure 4-2). There were fewer 
multicellular clusters in previously sexual populations and the mean cluster size was 
smaller. The mean size of individuals in previously sexual populations was similar to the 
ancestor of all derived populations (Figure 4-3; F2,24 = 0.54; P = 0.5882; REML-
ANCOVA, adjusted r2 = 0.74). For derived populations, mean cell size was affected by 
current reproduction (F1,98 = 6.69; P = 0.0111; REML-ANCOVA, adjusted r
2 = 0.83) and 
interactions between prior history and current reproduction (F1,98 = 6.86; P = 0.0102; 
REML-ANCOVA, adjusted r2 = 0.83). Prior reproduction had a marginally significant 
effect (F1,18 = 3.95; P = 0.0622; REML-ANCOVA, adjusted r
2 = 0.83). The introduction 
of sexual reproduction to previously asexual populations led to a 24% reduction in 
overall mean size. The mean size for the treatments is as follows: AA = 16.8 µm, AS = 
13.6 µm, SA = 9.4 µm, and SS = 9.4 µm.   
By the end of selection, populations had varying proportions of unicellular and 
multicellular yeast (Figure 4-2). This induced deviation from normality of the distribution 
of cell size. To overcome this problem, each population was binned into a single (one) 
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cell group and a multicellular (two or more) group. I then analyzed the median sizes 
rather than the mean sizes. For multicellular clusters, median size was affected by prior 
history (F1,18 = 4.63; P = 0.0451; REML-ANCOVA, adjusted r
2 = 0.79), current 
reproduction (F1,96 = 7.01; P = 0.0094; REML-ANCOVA, adjusted r
2 = 0.79), and 
interactions between prior history and current reproduction (F1,96 = 7.90; P = 0.006; 
REML-ANCOVA, adjusted r2 = 0.79). Similar to the results for the population mean, 
median multicellular cluster size of previously asexual populations was considerably 
larger than that of previously sexual populations (AA = 78% and AS = 40%). The 
introduction of sexual reproduction to previously asexual populations resulted in a 26% 
reduction in overall median cell size. The median muticellular cell size for the treatments 
is as follows: AA = 16.8 µm, AS = 13.6 µm, SA = 9.4 µm, and SS = 9.4 µm.   
For single cells, median size was also affected by prior history (F1,18 = 4.63; P = 0.0408; 
REML-ANCOVA, adjusted r2 = 0.28), current reproduction (F1,96 = 5.17; P = 0.0251; 
REML-ANCOVA, adjusted r2 = 0.28), and interactions between prior history and current 
reproduction (F1,96 = 6.03; P = 0.0158; REML-ANCOVA, adjusted r
2 = 0.28). 
Interestingly, the treatment that was asexual throughout selection (AA) was 6% smaller 
than all the other treatments. The median single cell sizes for the treatments are as 
follows: AA = 7.01 µm, AS = 7.42 µm, SA = 7.43 µm, and SS = 7.42 µm. 
 
Genetic diversity for reverse selection. The genetic component of size variation is 
reported as the least square standard deviation of the mean individual size within each 
population and between individual replicates for each treatment (Figure 4-4). Variation in 
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individual size within a population was considerably larger in previously asexual 
populations compared to previously sexual populations (AA = 150% and AS = 84%). 
Variation was affected by prior history (F1,18 = 6.36; P = 0.0213; REML-ANCOVA, 
adjusted r2 = 0.76), current reproduction (F1,98 = 12.42; P = 0.0006; REML-ANCOVA, 
adjusted r2 = 0.76), and interactions between prior history and current reproduction (F1,98 
= 9.04; P = 0.0034; REML-ANCOVA, adjusted r2 = 0.76). The standard deviation within 
a population for the treatments is as follows: AA = 8.63 µm, AS = 5.76 µm, SA = 3.32 
µm, and SS = 3.10 µm. 
The differences in the response to selection between replicate populations of a given 
treatment were even more striking for previously asexual populations (Figure 4-4, Figure 
4-5). There was 550% more variation among the 10 replicate populations that were 
previously asexual (AS, AA) relative to previously sexual populations (SS, SA). The 
standard deviation between replicate populations of a given treatment is as follows: AA = 
6.42 µm, AS = 4.69 µm, SA = 1.17 µm, and SS = 0.85 µm. 
 
Individual size differences for relaxed selection. Individual size of each population is 
visualized in a histogram plot with forward light scatter (FSC) on the x-axis measured in 
arbitrary units (AU) on a log scale and cell number on the y-axis. After 300 generations, 
mean individual size was greatest for completely sexual populations (SS) as assessed by 
the interaction of prior reproduction versus current reproduction (F1,98 = 13.84, P = 
0.0003, REML-ANCOVA, adj. r2 = 0.26). The ancestor of all derived populations 
initially had a mean individual size of around 1659 AU. After relaxed selection, 
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individual sizes for the treatments were as follows: AA = 1675, AS = 1688, SA = 1642, 
and SS = 1734. This represents a 4% size increase for SS populations while the other 
treatments were similar to the ancestor (Figure 4-6). As determined by a planned contrast, 
the difference between SS, the other treatments, and the ancestor can be attributed to 
current mode of reproduction (P = 0.0002).  
 
Changes in fitness. Previously asexual lineages (AA and AS) appear to suffer a 14% 
fitness cost in the absence of settling selection (Figure 4-7; F1,18 = 5.56; P = 0.0299; 
REML-ANCOVA, adjusted r2 = 0.43). Current reproduction (P = 0.5114) and 
interactions between prior and current reproduction (P = 0.8980) had no effect on fitness. 
Fitness estimates were obtained relative to a G418 common competitor. AA and AS 
populations had mean relative fitnesses of 0.83 and 0.84, respectively, while the SA and 
SS populations had mean relative fitnesses of 0.96 and 0.98, respectively. In contrast, 
under relaxed selection, all four treatments had a similar fitness of 0.98 (Figure 4-8).  
 
Discussion 
The relative importance of history and chance in evolutionary outcomes remains a subject 
of intense interest. While some studies have shown that populations converge regardless 
of prior history (Travisano et al., 1995), others show populations that had previously 
diverged did not respond to subsequent convergent selection (Dickinson et al., 2013). In 
this study, I have investigated the role of prior reproductive history as well as current 
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reproduction on populations of yeasts evolving the multicellular “snowflake” phenotype 
(first observed by Racliff et al., 2012). After 300 generations of reverse selection for 
large cell size, in populations previously selected for small cell size, I observed that 
individuals in previously asexual populations were substantially larger than previously 
sexual ones. The difference in size result from differences in the rapid evolution of 
multicellularity.  By the end of selection, several previously asexual populations were 
dominated by large clusters while all sexual populations comprised primarily unicellular 
yeast. Current sexual reproduction slightly reduced the incidence of multicellularity in 
previously asexual populations but had no effect on previously sexual populations.  
 
My experimental populations are derived from the same ancestor used by Ratcliff et al. 
(2012).  Genetic sequencing has determined that a (single nucleotide) mutation 
inactivating the Ace2 gene accounts for the multicellular phenotype (W. Ratcliff, 
personal communication). The Ace2 gene encodes a transcription factor responsible for 
septum destruction after cytokinesis (Weiss, 2012); the loss of which disrupts normal 
mother-daughter cell separation. A single copy of an undamaged Ace2 is sufficient for 
normal functionality. Hence, any multicellular diploid cell is homozygous for the Ace2 
knockout. Since sexual reproduction has been shown to increase the rate of adaptation 
(Goddard et al., 2005) and selection for selfing makes multicellularity adaptive (Racliff et 
al., 2012), my findings that asexuality increased individual size more rapidly may be 
initially surprising. I will examine some possible hypotheses to explain my observations 
below.  
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The differential mutation rates hypothesis 
The first hypothesis is that asexual populations are more likely to get the Ace2 mutation. 
While neutral mutation rates can be non-random depending on genome location 
(Martincorena et al., 2012), it seems highly unlikely that a gene essential for mitotic 
reproduction is subject to higher than usual mutation rates. If asexual populations had 
higher rates of Ace2 mutations, then mitotic recombination would, by chance, generate 
homozygous mutants. In a theoretical study, Mandegar and Otto (2007) predicted higher 
mitotic recombination rates in predominantly asexual organisms. S. cerevisiae normally 
reproduces asexually with sex induced by environmental stress. Mitotic recombination 
was found to be the cause of loss-of-heterozygosity in many strains of S. cerevisiae 
isolated from the wild (Magwene et al., 2011). Initial mutants should form small clusters 
since large clusters incur a significant fitness cost. Ratcliff et al. (2012) had previously 
reported a 10% fitness cost for large clusters in the absence of settling selection. For my 
populations, the previously asexual lineages (AA and AS) that evolved multicellular 
clusters appear to suffer a 14% fitness cost in the absence of settling selection. Large 
clusters have slower growth rates, and multicellular populations were 1/100 as dense 
(individuals/mL) as populations comprising single cells. Most populations with a prior 
history of sexual reproduction (SA, SS) had small multicellular clusters in the 3-4 cell 
range but the presence of these clusters did not have a measureable effect on fitness. 
Therefore, after small clusters emerge, it is highly likely they would persist in the 
population.  
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Periodic cell size measurements during the first 1000 generations of prior asexual 
reproduction did not detect the presence of small multicellular clusters. Even though the 
flow cytometer cannot measure large clusters, a small cluster is within its detection range. 
Furthermore, even if small clusters occur at low frequency, they should still be detectable 
since each flow cytometry reading consists of thousands of cells. Multicellularity only 
evolved after reverse selection. After 300 generations of relaxed selection, individual size 
in previously asexual populations were similar to the ancestor and, again, clusters were 
not detected in any of the treatments. The previous narrative strongly suggests that 
differential emergence of the Ace2 mutation in asexual populations does not explain my 
observation that prior history of asexuality led to the faster emergence of the multicellular 
phenotype.  
 
The fitness landscape hypothesis 
Ratcliff et al. (2012) had observed the rapid evolution of the multicellular phenotype with 
all replicate populations dominated by large clusters within 60 transfers (~420 
generations). Despite my application of a less harsh selection regime, multicellular 
clusters began to form within the first 50 generations. However, development of large 
multicellular clusters was restricted to a few previously asexual populations (3/10 AA). 
Most populations, even previously asexual ones (AA, AS), were still predominantly 
unicellular after 300 generations of selection. Even for populations dominated by large 
clusters, varying amounts of unicellular cells were still present. This suggests that a trade-
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off exists between single cells (faster growth) and multicellular clusters (surviving 
settling selection).   
 
My weak selection regime could have imposed a rugged fitness landscape where faster 
growing single cells and better settling large clusters each represent an adaptive peak. 
The co-existence of single cells and clusters as evidenced by the large variation within 
previously asexual populations strongly suggests that both peaks are similarly adaptive. 
Previously sexual populations may already be fairly close to the fast growth peak; 
consequently, the benefit of turning multicellular would be small. If previously asexual 
populations were further away from the fast growth peak, becoming multicellular could 
be more adaptive. Since all treatments after relaxed selection have similar fitness, 
however, there is no evidence to suggest previously asexual populations are further away 
from the fast growth peak.  
 
The pleiotropy explanation 
Pleiotropy refers to the influence of one gene on several phenotypic traits (see review by 
Stearns, 2010). For genes that are expressed under several different conditions, the 
number of sites within the gene at which mutations will be effectively neutral may be 
limited. As a consequence, essential genes could evolve more slowly (Pal et al., 2001). In 
addition to its involvement in mother-daughter cell separation, the Ace2p transcription 
factor also regulates the expression of several target genes involved in other cellular 
functions (Doolin et al., 2001). One such gene is Ash1, a regulator of mating-type 
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switching (Bobola et al., 1996). Sexual reproduction in yeast generates four haploid 
spores (collectively called a tetrad) from a single diploid cell. The spores are of two 
mating types: a and , and are surrounded by a wall (ascus). During germination, yeast 
spores become haploid cells, which then undergo mitotic divisions, with mother cells 
budding off daughter cells. If a population is established from just a single haploid cell of 
a given mating-type, switching allows for the appearance of the other, initially absent, 
mating-type (for details regarding molecular and genetic mechanisms, see reviews by 
Klar, 2010 and Haber, 2012). In the mother cell, mating-type switching is initiated by the 
HO endonuclease, while HO is repressed in the daughter cell by asymmetrically high 
levels (relative to the mother cell) of Ash1p (Bobola et al., 1996). As a result, 
germinating mother and daughter cell usually become opposite mating-types, which 
facilitates mating and regeneration of a diploid cell.  
 
Ace2 along with a paralog of Ace2, Swi5, jointly regulate Ash1p production (Bobola et 
al., 1996). Ash1p mRNA levels decreased in Ace2 and Swi5 single mutants and 
decreased drastically in double mutants (Bobola et al., 1996). Furthermore, mutating 
Ash1 increased the frequency of mating-type switching in daughter cells by at least 82% 
(Bobola et al., 1996). It is not known whether lower than normal levels of Ash1p 
production in Ace2 single mutants increases the frequency of daughter cell mating-type 
switching. If this is the case, it could explain why multicellularity via Ace2 mutation does 
not increase in sexually reproducing populations. When both the mother and daughter 
cell undergo mating-type switching, the number of cells of a single mating type increases 
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in the population and mating efficiency decreases. Since most wild type isolates of S. 
cerevisiae are naturally diploid (Knop 2006; Keller and Knop 2009) and diploidy is a 
strict requirement for sexual reproduction, selection would strongly favor the 
maintenance of normal mating-type switching behavior.  
 
Since yeast cells are not motile, mating occurs mostly with neighboring cells. Intra-tetrad 
mating between closely related spores/cells within the ascus is more common than 
outcrossing with unrelated spores/cells in immediately adjoining asci. Murphy and Zeyl 
(2010) measured the occurrence of at least one outcrossing event when different numbers 
of asci were placed next to each other on agar plates. They reported outcrossing to be 
~10-40% for two asci, ~20-50% for three asci, and ~10-25% for an entire population of 
sporulated yeast. Since my mating populations were grown in a shaking liquid 
environment, close contact with neighboring asci for any sustained period of time would 
be difficult. Thus, I expect the number of outcrossing events to be lower than those 
reported by Murphy and Zeyl (2010). The frequency of intra-tetrad mating can have 
profound effects on the genetic structure of a population. Quantitative analysis of intra-
tetrad mating events in bottlenecked mutation accumulation experiments have shown that 
mating between closely related spores is primarily responsible for rapidly fixing 
mutations to homozygosity as well as for removing mutations (Nishat et al., 2010).  
 
If an Ace2 mutation arises in one allele of a sexually reproducing cell, and assuming all 
spores are viable, subsequent intra-tetrad mating can generate both homozygous and 
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heterozygous Ace2 diploids. With selection favoring the maintenance of 2 normal Ace2 
alleles, my expectation is that the majority of cells in populations with a prior history of 
sexual reproduction will not carry a defective Ace2 allele. In asexually reproducing 
populations, a mutant Ace2 allele will not be immediately selected against since it has no 
effect on successful clonal reproduction. The two alleles will behave as two haploid loci, 
and the polymorphism can be preserved during subsequent mitosis. Nishat et al. (2010) 
observed that the asexual lineages in their experiments were all heterozygous for detected 
mutations. Thus asexuality can fix heterozygosity, maintaining high genetic diversity at a 
single locus even though the overall genotype diversity in the population decreases over 
time (Balloux et al., 2003).  
 
I hypothesize that prior reproductive history resulted in differing amounts of genotypic 
variation for the Ace2 allele at the start of settling selection. Populations with a prior 
history of sexual reproduction were mostly homozygous for the ace2 allele while 
previously asexual lineages were more heterozygous. Prior asexuality also established 
differences in genetic structure within each population and between replicate populations. 
Using standard deviation of cell size as a measure of variation, I observed that single cells 
dominated previously sexual populations and cell size was normally distributed with very 
little variation within a population. The cell size of previously asexual populations tended 
to have skewed distributions and variation in cell size within a population was 
pronounced (AS = 84%; AA = 150%). The differences between replicate populations of a 
given treatment were even more striking. There was 550% more variation between the 10 
 135 
 
replicate populations that were previously asexual (AS, AA) relative to previously sexual 
(SS, SA). These results suggest the appearance and maintenance of the mutant Ace2 
allele differed among previously asexual populations. Subsequent evolution of the 
multicellular phenotype was historically contingent on these differences.  
 
Conclusion 
Differences in genetic structure arising from prior reproductive history, coupled with the 
weakness of settling selection likely delayed the appearance of the multicellular 
phenotype. I believe pleiotropy to be the cause of the differences. Sexual populations 
were selected to maintain normal mating-type switching behavior during germination to 
facilitate mating. Since Ace2 influences mating-type switching, the normal allele was 
favored. This then slowed the evolution of multicellularity. Among asexual populations, 
fixed heterozygosity allowed for the persistence of heterozygous Ace2 mutants. The 
introduction of sexual reproduction to previously asexual populations resulted in a 24% 
reduction in overall mean individual size. If I excluded all single cells from 
consideration, the average size of a multicellular cluster was reduced by 26%. Meiotic 
recombination generated a variety of genotypes from heterozygous Ace2 individuals. The 
presence of different genotypes, coupled with weak selection, reduced the chance of a 
homozygous Ace2 mutant sweeping through a population. Continued asexuality, on the 
other hand, increased the chance of a mutant Ace2 allele becoming homozygous through 
mitotic recombination. Further molecular genetic analysis will determine whether this 
pleiotropy hypothesis is correct.  
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While sexual reproduction generates variation in the population, it can also act as a 
constraint on genetic variation for essential genes (Gorelick and Heng, 2011). My result 
reinforces the understanding that sexual reproduction generates variation, but not 
necessarily throughout the genome. The interplay between sexual reproduction and 
selection can lead to greater reduction in variation for certain traits. 
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Figure 4-1. Least square mean individual size of the overall population after 300 
generations of reverse selection. Populations that were previously asexual were larger 
compared to previously sexual populations. While current sexual reproduction reduced 
the average size for previously asexual populations (AS), current reproduction did not 
affect previously sexual populations (SA, SS). Error bars indicate the standard deviation. 
For treatment designation, the first letter represents prior reproductive history and the 
second letter represents current reproduction; A is asexual and S is sexual. 
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Figure 4-2. After 300 generations of reverse selection, multicellular cluster size (left) 
was greatest for completely asexual populations (AA), followed by previously asexual, 
currently sexual populations (AS). Clusters in previously sexual populations (SA, SS) 
were small (3-4 cells). All populations had single cells (right). Completely asexual 
populations had smaller single cells compared to the three other treatments, which were 
not different from one another. For treatment designation, the first letter represents prior 
reproductive history and the second letter represents current reproduction; A is asexual 
and S is sexual. 
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Figure 4-3. The mean individual size of previously sexual populations was similar to the 
ancestor of all derived populations. Error bars indicate the standard deviation. For 
treatment designation, the first letter represents prior reproductive history and the second 
letter represents current reproduction; A is asexual and S is sexual. 
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Figure 4-4. Variation within a population was greatest in treatments that were previously 
asexual. Variation between replicates of a given treatment was also greatest for 
previously asexual populations. The mean variation within a population of a given 
treatment was measured as the least square standard deviation of the mean. Variation 
between the 10 replicate populations of each treatment was measured as the standard 
deviation of the least square standard deviation of the mean (Error bars). For treatment 
designation, the first letter represents prior reproductive history and the second letter 
represents current reproduction; A is asexual and S is sexual.  
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Figure 4-5. Mean population size for each replicate AA population (previously asexual, 
currently asexual) after 300 generations of reverse selection. Individual size varied 
greatly between replicates, with three populations (1, 2, 3) dominated by large clusters 
and three populations (4, 5, 8) with small to medium sized clusters while four others (6, 
7, 9, 10) were dominated by unicellular yeast. 
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Figure 4-6. After 300 generations of relaxed selection, SS populations were slightly 
larger than the other 3 treatments as well as the ancestor of all derived populations. For 
treatment designation, the first letter represents prior reproductive history and the second 
letter represents current reproduction; A is asexual and S is sexual. Error bars indicate the 
standard deviation. 
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Figure 4-7. Under reverse selection, fitness of populations that were previously asexual 
was significantly lower than populations that were previously sexual when measured 
against the G418 marked genotype. Competition was initiated at a 1:1 ratio over a 24 
hour time period. For treatment designation, the first letter represents prior reproductive 
history and the second letter represents current reproduction; A is asexual and S is sexual. 
Error bars indicate the standard deviation. 
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Figure 4-8. Under relaxed selection, fitness was similar for all treatments when measured 
against the G418 marked genotype. Competition was initiated at a 1:1 ratio over a 24 
hour time period. For treatment designation, the first letter represents prior reproductive 
history and the second letter represents current reproduction; A is asexual and S is sexual. 
Error bars indicate the standard deviation. 
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